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SUMMARY 

This study experimentally mwtigates an actively controlled mechanical seal for 

aerospace apphtions. ?Ihe seal of interest is a gas seal, which is considembly moR 

compact than previous actively controlled mechanical seals that were developed for 

industrialuse. 

In a mechanical seal, the radial convergence of the seal interface has a primary 

effect on the film thickness. Active control of the film thickness is established by 

controlling the radial convergence of the seal interface with a piezoelectric actuator. 

An actively controlled mechanical seal was initiaUy designed and evaluated using a 

mathematical m&L Based on these mults, a seal was fabricated andtestedunder 

laboratory conditions. The seal was tested with both helium and air, at rotational speeds 

up to 3770 rad/=, and at sealed pressures as high as 1.48 x 106 Pa The seal was 

operated with both manual control and with a closed-loop control system that used either 

the leakage rate or face tempemture as the feedback. The output of the controller was the 

voltage applied to the piezoelectric actuator. 

The seal operated SUCCeSSfLlUy for both short term tests (less than one hour) and 

for longer tern tests (four hours) with a closed-loop control system. The leakage rates 

were typically 5-15 slm (standard liters per minute), and the face temperatures were 

gimerally maintained below 100 OC. When leakage rate was used as the feedback signal, 

the setpoint leakage rate was rypiealry maintained within 1 slm. However, larger 

deviations occurred during sudden changes in sealed pl'essure. When face temperature 

was used as the feedback signal, the setpoint face temperatme was generally maintained 

within 3 OC, with larger deviations occurring when the sealed pressure changed suddenly. 
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'he experimental results were compared to the predictions from the mathematical 

modeL The model was successfulin predicting the trends m leakage rate that occurred as 

the balance ratio and sealed pressure changed, although the leakage rates were not 

quantitativdy predicted with a high &gree of aamacy. This model could be useful m 

providing valuable design information for fubm actively controlled mechanical seals. 
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CHAPTER1 

INTRODUCITON 

Mechanical seals a~ commonly used in turbomachinery where rotating shaft seals are 

required. Figure 1-1 presents a typical meshanid seal These seals generally consist of a 

rotating element (also called the rotor), a nonrotating element (also called the stator), a 

spring, and secondary seals. One of the elements, known as the floating element, iS 

mounted on springs and dynamically tracks the face of the other element. In Figwe 1-1, 

the floating element is the stator. 

The operation of a mechanical seal can be understood by examining Figure 1-1, 

There are two leakage paths from the higher pressure region (Po) at the outside radius of 

the stator to the lower pressure =@on (Pi) at the inside radius of the stator; the gap 

between the housing and the stator, and the gap between the stator and the rotor. 

L.eakage through the first path is prevented by the secondary seal The second Ieakage 

path is restricted by the spring and pressure forces that act on the stator to push it against 

the rotor. Wellde-signed mechanical seals leak significantly €ess than most other types of 

Seals. 

M~x%anicaI seais are generally classified as either contacting or noncontacting. In a 

contacting sed the faces touch, d t i n g  in high sarfaoe temperatures, high contact 

stresses, and high wear rates. This is in contrast to noncontacting mezhanical seals, which 

operate with a thin lubricating film between the seal faces. 'Ihis film prevents wear and 

ensures a longer seal life. For applications where diability is a principal concern, 

noncontacting seals are p r e f d .  
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Noncontacting mechanical seais are further classified as either hydrostatic or 

hydmdynamic. In a hydrostatic mechankal seal, the film thickness and pressure 

distribution within the lubricating film are independent of the rotational speed of the rotor. 

This type of operation o~curs for seals whose faces are flat and axisymmetzic. The 

operation of a hydrodynamic seal, on the other hand, depends on the rotational speed of 

the shaft. These seals typically have non--etric geometries, such as spiral grooves 

or steps, machined or etched into one of the seal faces. Elevated pressures are generated 

within the lubricating film due to the rotation of the seal rotor. 

The seal of interest in the present study is a hydrostatic mechanical seal. The film 

thickness in such a seal is strongly dependent on the nadial convergence of the seal faces. 

This radial convergence is known as coning and is shown in Figure 1-1. The coning is 

considered positive when the faces of the seal converge in the radial direction from high to 

low pressure. For a seal with positive coning (quired for stable seal operation), the film 

thickness between the seal faces increases as the coning increases. 

The thickness of the lubricating film is determind by the closing and opening forces 

that act on the floating component of the seaL These forces are presented in Figure 1-2. 

The closing force pushes the faces of the stator and rotor together, and is produced by the 

sealed p w u r e  acting on the backsii of the floating component and by the spring force. 

The opening fom pushes the faces of the seal apart and is produced by the pressure 

distribution within the thin film between the seal faces. ?he Opening force inenass as the 

coning, normalized with respect to the film thickness, bxeases. The floating component 

will assume an axial location such that the closing and opening forces balance. A well- 

designed seal operates such that these forces balance with a film thickness on the order of 

a few microns (3-5 pin). However, under transient and offdesign conditiom, this film 

thickness may change, resulting in either too large or too small a film thickness. If the film 
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becomes too large, excessive leakage will result. Conversely, if the film becomes too 

small, mechanical contact of the seal faces could occur, resulting in excessive wear. 

The coning m a mechanical seal is t y p i d y  a result of mechanical and thermal 

deformations. A recent approach however, employed in industrial seals, utilizes a 

piezoelectric material to e v e l y  control the caning [Salant et. aI., 1987; Salant et. at, 

19891. Figwe 1-3 presents a sketch of such an activdy controlled seal This 

configuration includes a piezoeleaic actuator, thermocouples embedded in a face of the 

seal, and a microcomputer based control system. In this seal configuration the floating 

component is the rotor. 

The above seal is confqpd such that when voltage is applied to the piezoelectric 

actuator, the latter expands axially and produces positive coning of the nomtating face. 

At off-design conditions, when face contact may be iraUninent, voltage is applied to the 

actuator, which increases the coning, and prevents face contact. Conversely, when the 

leakage becomes too large, the applied voltage is decreased, which reduces the leakage of 

the SeaL 

The goal of the present project is to demonstrate the feasibility of utilizing an 

actively controlled mechanical seal in a liquid oxygen turbopump (see Figure 4-1) for an 

aerospace vehicle. Currently, floating ring seals are utibxl for the helium buff" sed m 

the liquid oxygen turbopump (see Figure 4-2). The floating ring seals prevent contact 

between the hot gases that dtive the turbine, and the liquia oxygen. l k s e  seals typically 

operate with a clearance on the order of 20 crm, which is 4-5 times larger than a 

representative film thickness in a conventional mechanical seal. The leakage in a seal is 

proportional to the clearance cubed; therefore a nxiuction in clearance by a factor of 5 

reduces the leakage by a factor of 125. This reduction m leakage (and duction in stored 

helium) =presents considerable savings for an aerospatx mission m which payload is a 
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pxincipal concern. Therefore, it is desired to replace the floating ring seals with 

mechanica l l .  

Although conventional mechanical seals operate with much lower leakage rates than 

floating ring seais, they axe generally not as mkble. M e c M  seals could inadvertently 

operate m a contacting mode, resulting m k e  damage and high fhe temperatures, the 

latter inmasing the risk of explosion. Conversely, if the film thickness becomes 

excessive, large leakage rates result, which could deplete the supply of the helim purge 

gas. A controllable mechanical seal could considerably enhance the seal's reliability, 

making a mechanical seal suitable for applicatim where reliabfity is a principal concern. 

This thesis presents the design and experimental investigation of an actively 

controlled mechanical seaL Earlier analytical work wolf€, 19911 suggested that such a 

seal, operating in a gaseous environment, is feasible. 

As part of the p-nt study, this seal was f&rhted and tested under various 

conditions in a laboratory test rig. This seal includes a piezoelectric actuator, through 

which the coning of the seal faces is controlled by varying the voltage applied to the 

actuator. The seal was tested in both helium and air, at sealed pressures between 4.46 x 

l@ and 1.48~106 Pa (50 and 200 psig), and at rotational speeds as high as 3770 d s e c  

(36,000 rpm). 'Ihe various tests performed with the seal included steady state operation 

with manual control, and transient operation with a closed-loop control system. 

The steady state tests involved applying a large initial voltage to the actuator, and 

opting the seal at a fixed voltage for a set mount of time. The voltage was then 

deawsed in 500 V steps until a minimum voltage level was reached and then in& m 

500 V steps until the initial voltage was again reached. The voltage was maintained at 

each voltage increment for the same set time. These tests clearly indicated that the film 
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thickness m the seal could be controlled over a considerable range, and exaessive face 

temperatures prevented. 

The next phase of the seal testing involved imposing various transient operating 

conditions on the seal while operating the seal with a closed-loop control system. The 

transients imposed on the seal included a ramp decmase followed by a ramp hawse m 

pressm, and a step decneased followed by a step hawse in pssm. The mtational 

speed was also varied m the same manner. Tests were performed in which either the flow 

rate or the face temperatwe were used as feedback to the controller, The output of the 

control system was the voltage applied to the piemel& actuator. The control 

algorithm was a commercially available P.LD. (proportional, integral, diffexenrial) 

controuer. Results from the transient tests indicated that the controller could maintain the 

feedback signal within reasonable limits while transient operaling conditions were imposed 

on the seal. 

The next sequence of transient tests involved opemting the seal for an extended 

period of time (typically four hours). The extended test was divided into one-half hour 

cycles. Each cycle consisted of a startup and shutdown, a step decrease and step increase 

in pressure and speed, and a rapid Variation of the sealed pressure and rotational speed. 

During these tests, the feedback for the controller was the rateoftheseal The 

seal maintained the setpoint well during these tests. Very little wear o c c d  during these 

tests, as indicated by performing surke evaluatioIls of the d faces prior to, and after 

the seal tests. 

The results of these tests demonstrate that the actively controlled mechanical seal for 

aerospace applications is fdble .  The next phase of the development would involve 

modifying the design to accommodate the mone severe operating conditions that are 

present in a liquid oxygen turbopump. 
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LITERATUREREVIEW 

The mathematiGal mddel of a mechauical seal pnesented in this thesis is based on the 

assumptions that there is a thin fluid film between the seal faoes and that the load support 

is primarily due to the hydrostatic pssure distribution. These assumptions however, are 

not immediately obvious. For m y  years it was believed that al l  seals operated m a 

contacting mode wayer, 19771 and the load was carried by the mechanical contact 

between the seal faces. In m n t  years however, extensive research has verifkd that a thin 

fluid film exists between the faces of a noncontacting seal, which is solely responsible for 

the load support. 

The assumption' thatk thin fluid Nm exists between the faces of a mechanical seal has 

been long suspected [Nau, 19671 and nxently directly VatiQted through an experiment. 

Doust and Parmar [1985] s u e y  measured fluid film profiles between the faces of a 

mechanical seal to &termhe the e f f a  of p r e m  and thermal loads on the deformation 

of the seal faces. In their investigation, they instrumented a mechanical seal with 

capacitance probes to measure film thickness. These experiments were performed for 

sealed pressures between 0 and 4 MPa, for various faoe temperatures, and for shaft speeds 

up to 3000 rpm. This study clearly indicated that a fluid film existed for the operating 

conditionsexamined. . 
?. 

Want and Key [ 1 9 ~ ]  also verified that a fluid film exists by examining the torque 

variations of a seal as a function of speed and load, ami by measuring the wear rate of a 

z 
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carbon-graphite seal face, They then compared these results with known characteristics of 

continuous 5 and boundary lubrication q imes ,  thereby ver@ing the existence of a 

continuous film. - 
Another assumption of the present study is that for a seal with flat axisymmeaiC 

faces, the opening force is produced only by the hydrostatic pressure distribution. "his 

assumption was verified by Salant and Key 119841, who compared the forces generated by 

the hydrostatic p s s u r e  distribution to the forces generated from hydrodynarnc effects. 

The conditions inducing the hydrodynamic effects included roughness, waviness, 

misalignment, and eccentricity of the seal faces. They computed the opening forces fiom 

the hyddynamic effects based on equations which were developed by previous 

mearchers. These results showed that for m e t r i c ,  noncontacting f w  seals, the 

hydrodynamic effects can be ignored relative to the opening force generated by the 

hydrostatic presswe distribution. 

Mathematical models have been created in m n t  years which give meaningful 

predictions of the performance of mechanical seals. This is a significant achievement 

considering that the film thickness is on the order of microns and cleformations on the 

order of microns af!fect the performance of the seal. Useful models must b e f o r e  predict 

these extremely small deformations. The mathematical models which concern this project 

most directly are those created by M e M e  [1971, 1979, 19811, and Salant and Key 

[1984]. 

The model utilized for the analysis of the actively controlled seal is essentiaUy based 

on the research of M e w e .  Metcalfe [1971] utilized a hydrostatic model to predict 

pressure distributions, leakage rates, and viscous heat generation within the fluid film of a 
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mechanical seaL This model demonstrated that the hydrostatic pssure distribution is 

strongly dependent on the p r o f i l e  of the fluici tilm. He then utilbd finite element 

techniques to compute the deformations of the seal faces from which the i%n profile could 

be determined W e w e ,  1979). The deftmations were produced by pressure loads, and 

by loads due to the interfaciaI friction between the two component assembIies. A series of 

experiments were then performed on various seal assemblies to validate these modeis 

wetcalfe, 19811. Leakage rates were measud, from which the defmations of the seal 

faces we= computed. These experimentally detedned deformations comlated well with 

those obtained from the analytical models. 

?he results of Metcatfe w m  extended and further validated by Want and Key 

[1984], who included the effects of thermal deformations. Several seals were tested, and 

their performance was compared to the results predicted by the analytical model. It was 

found that the analytical model pxedictions comlated well with the observed behavior of 

the seals. 

A comprehensive text written by Lebeck [1991] discusses several aspects of 

mechanical seals. Included is a thorough discussion of the fluid mechanics of the 

interfacial film, the thermal effects, and solid mechanics. Several mathematical models of 

varying complexity are also presented. These models differ from the aforementioned ones 

in that ring mechanics are used to model the seal face deformations whereas finite element 

techniques were used in the previously mentioned SeaI models. An additional difference is 

that the models developed by kbeck can accommodate contacting faces whereas the 

aforementioned models assume that a film continuously separates the seal faces. 
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The film thickness m a mechanical seal is &termid by the opening and closing 

forces that act on the floating component of the seal Previous researchers have examined 

various strategies to control the forces that act on the seal, and themby control the film 

thickness. 

As previously discussed (see Chapter I - Introduction), the opening force is strongly 

dependent on the coning of the seal faces. Salant et. aL [ 19871 investigated a controllable 

seal that conlrolled the opening force of the seal by djusting the coning of the seal faces. 

The coning in this seal was produced by a stack of piemelectric elements, which were 

located near the inner radius of the nonrotating seal fke. A voltage applied to the 

piezoelectric dements caused them to expand in the axial direction and push the inside 

radius of the seal face in the axial direction. Since the outer radius of the seal face was 

=trained, a coning deformation was thereby produced, which increased as the voltage 

was increased. In addition to the piezoelectric elememts, the control components for this 

seal consisted of a thermocouple embedded in the nonrotating seal face, a thennocouple m 

the seal cavity to monitor the temperature of the sealed fluid, a voltage supply, and a 

microprocessor-based control system. 

The control strategy for the above seal was based on establishing a Efmnce point 

whexe face contact occurred. A slight haease in voltage then psvented face contact 

The reference point where contact occurred was while the filrn thickness was muunumi 

identified in one of two ways, by either measuring a large temperature diffhwe between 

the seal face and seal chamber, or by detecting oscillations m the seal face temperatum. 

Large temperature differences would occur for face contact due to the heat genefation 

produced by friction between the seal faces. Temperature ascillatioIls were also an 

indication of mro film thickness because thennoelastic instabilities have been found to 

. .  . 
- 

. 
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occur when seal faces contact. Once a nhimum fjJxn thiclcness was found, the voltage 

was held constant until the temperature diffbznce between the seal face and the seal 

chamber changed by more than some preset limits. If this occurred, the control system 

once again searched for an optimum film thickness. 

Heilala and Kangasniemi [1987l also designed a seal with a controllable opening 

force. This was achieved with a control system which consisted of a compressed air 

supply and supply line to the seal film, a thermocouple embedded in the face of the 

nonrotating component, a pneumatic valve, and a controller. The input to the control 

system was the temperature of the seal face, measured by the thexmocouple, which gave 

an indication of the film thickness. As the face temperature inneased, the controller 

opened the pneumatic valve which increasee the amount of compressed air fed into the 

seal film. The compressed air inmased the pressme within the seal film, and thereby 

increased the opening force, which i n d  the film thickness. Results from this 

experiment demonstrated that lower face temperatures were achieved for the controusible 

seal as compared to an uncontrolled seal. 

Etsion [1990] investigated a controllable hydrodynamic seal which was based on a 

variable closing force. The control system was similar to the control system utilized by 

Heilala and Kangasniemi; however, the compressed air was supplied to the backside of the 

floating component. 'Ihe input for this control system was also the face temperature of 

seal, which was read by a mimcomputer. Based on the face temperature, a back pressure 

was computed by the m i ~ n t r o l l e r ,  and the ektmpneumatic valve was then djustea 

by the microcontroller to produce the d e s i  back pressure. 

h i o n  investigated the msponse of this seal to changes m the speed of the test rig. 

Both a linear and nonlinear control algorithm were utilized to compute the back pressure 

as a function of the face temperature of the seaL Both control algorithms enabled the 
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control system to track the set point temperature reasonably well, however the nonlinear 

control algorithm demonstrated a faster response time. 
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MATHEMATICAL MODEL 

In a previous study, a mathematical model was developed and used to evaluate a 

Variety of seal designs POUT, 19911. For the current study, this model was modified and 

compared to the experimental results. The mathematical model consists of four key 

components, a force balance, a fluid mechanics model, a finite element structurat and 

thermal model, and an iterative computational algorithm. The primary perhmance 

parameter that this model provides is the leakage rate of the seal as a function of the 

applied voltage. 

It is first rrrecessary to perform a force balance on the floating component of a 

mechanical seal to compute the film thickness and leakage rate under steady state 

conditions. figure 1-2 presents the floating component of a mechanical seal and the 

opening and closing forces that act upon it. 'Lhe opening force tends to push the faces 

apart and is produced by the pressure forces m the gas film that act on the seal face. The 

closing force tends to push the faces of the seal together, and is produced by the pressure 

ofthe sealed fluid acting on the back side of the floating component, by the lower pressure 

at the inside radius of the seal acting on the floating component, and by the Spring force. 

The closing force is given by 
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and the opening force is computed from 

The balance ratio is defined by 

The balance ratio represents a ratio of two amas: the area of the back side of the floating 

component over which the pxessuxe that tends to close the seal acts, to the area on the 

front side of the floating component over which the film pssure that tends to open the 

seal acts. 

The closing force depends on the balance ratio, the fluid pressures at the inside and 

outside of the seal, and the spring force. Once these quantities are specified, it is 

straightforward to compute the closing force, which &en remains constant for steady state 

conditions. However, to compute the opening force, it is necessary to detennine the 

pressure distribution within the gas IYm, which requires solution of the governing fluid 

mechanics equations. 
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The pressme within the gas iilm generates the opening foree and also causes 

deformations of the seal faces, which a f k t  the uming. 'Iherefore, it is essential to 

compute the pressure distribution to pledict the perfomance of a mechanical seal. The 

pnessare distribution is governed by the Navier-Stokes Equations, whidh are given below 

incyhWeoOrdinates far the r and 8 directions: 

An analytic expcssion for the pmswe distribution can be obtained h m  these equations 

when the following assumptions are made mughes et. aL, 1989, Wolff, 19911 

1. 

2. 

3. 

4. 

5. 

6. 

The flow is at steady state. 

T h e ~ f ~ a f e a x i S y m m ~ C .  

Squeeze effects are neglected. 

Velocity gfadients in the radial direction are much smaller than velocity 

gradients in the axial dirrection 

centrifugal effects can be neglected. 

Body forces are negligible compared to viscous forces and pressure forces. 
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7. Theflowislaminar. 

8. TheflowisisothermaL 

9. Thegasfilmbehavesasanidealgas. 

Based on these assumptions, the simpWieci Navier-Stokes Equations are 

with the boundary conditions 

v,=O atz=Oandz=h 

When these equations m solved the following velocity distributions result 

18 



The mass flow rate, or leakage of the seal, may be obtained by integrating Vr over the fb 

thickness in the axial dit.ecton: 

0 
h 

m=2Y4)rj0 v,& 

Substituting Equation 11 into Equation 13, and integrating results in 

Assuming a linear profile for h 

h = hi +p(r-q) 

and ideal gas behavior, d t s  in the Werential equation: 

-6kpRTdr PdP = 
rtr(hi +B(Y -q))3 

Integrating the left hand side of wuation 16 h m  the inside to the outside pressure, and 

integrating the right hand side from the inside to the outside radius leads to the following 

equation for the mass flow rate: 
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h = [--A( pd“ - e2)(ho - &J3 ]/12RT[ln(L) - In(-) h0 

1 1 (ho-Pr,)2 ( 1 1  (17) 
T hi 

)I +(h, - pro)(- - -- 
ho hi)+ 2 hz hi” 

The pressure at any location within the gas film can now be found by substituting 

Equation 17 into Equation 16 and integrating the left hand side of Equation 16 from the 

pressure at the inside to the pressure at the desired radial location, and integrating the 

right hand side from the inside radius to the radius of the desired location: 

When this integration is performed, the following equation for the pressure results: 

+ 

1 1  
2 ho hi 

r h 1 1  

G hi h hi 
P ={e2 +(P,” -e2)[ln(-)-In(-)+(ho -pro)(---) 

(19) 

This equation can be nondmensionaliied in the following form: 
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where 

6 6' =- 
hi 

6 = h o - h i  

Figure 3-1 p e n &  a graph of the nodimensional presswe distributions computed 

from Equation 20 for various values of 6*, and for to* = 1.450 (the value used for the 

steady state air tests). This figm and Equation 20 show that the nondimensiod pressure 

distribution is Uniqrtey determined by 6*, ro*, and Pi*. 
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Once the pressare distribution has been computed from ttre fluid mechanics model, 

the opening force can be computed from Equation 2. Substituting Equations 21 and 22 

into this equation results in 

Now define the nondimensional opening force with the following equation: 

Substituting Equation 26 into 25 results in the following equation for the nondimensional 

force: 

The nondimensional opening force is uniquely &termined uy the three parameters 6*, ro*, 

and Pi*. 
Neglecting the spring force and the force produced by the low pressure at the inside 

radius of the seal, the closing force is equal to 
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Defining a nondimensional closing force, similar to the definition of a nondimemsional 

opening force, and using Equation 28, 

Therefore, this nondimensional closing force is equal to the balance ratio. 

The seal stiffness is an important parameter in determining the stability of the seal. 

The stiffness of the seal must be positive for the seal to be stable. This quantity is defined 

This equation can be nondirnensiondkd by substituting Equations 26 and 23 into 

Equation 30, which results in 

Now let the nondimensional stiffness be &fined by 

6 @ t  

p,q2 d6' K' = - K such that K' = x(r," - l)SQ - 
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The mndixnensional StiflFneSs is thus uniquely determined by three parameters, Pi*, ro*, 

and 6*. 

An additional requirement for a controllable seal is that the 6.rickness of the gas film 

should be msponsive to changes m voltage applied to the seal. The controllability of the 

seal can be defined as the rate of change of film thickness with respect to voltage: 

The film thickness can be determined h m  Equation 23 as a funcrion of 6 and 6*. Once 

the closing force is specified, 6* is a constant (assuming equilibrium), which leads to 

Substituting Quation 34 into 33 

The change in fifm thickness vmus the change in voltage consists of two parts: d@dV, 

which is a function of the piezoelectric material and the configuration of the deformable 

face assembly, and the nondimemsional parameter 1/6*. To maximiiTe the change m film 



thickness of the seal versus the change in voltage, the change in coning versus the change 

in voltage must be maximized and 8* must be minhhd. 

For Computation of the t h d  deformations of the seal, it is ll~cessary to determine 

the viscous heat generation rate that occurs within the gas film. The heat generation rate 

per unit face area within the gas film is given by 

Since the radial velocity of the gas is much smalIer than the angular velocity, it is 

neglected. Substituting Equation 12 into Equation 36, and solving for the viscous heat 

generation rate per unit face area at the rotating face (sh) ,  leads to 

p 2 r 2  q=- 
h (37) 

Based on a linear p f d e  for h, the rae at which heat is generated over the seal faces can 

be determined by integrating Equation 37: 

Substituting Equations 21 and 23 into Equation 38, results in the following 

nondimensional equation: 



Perf0-g the integration 

This equation indicates that the nondimensional viscous heat generation is a function of 

'two parameters, ro*and 6*. 

Three critical parameters that deterrnine the perfonnance of the actively controued 

seal are the stiffness, controllab&, and the viscous heat generation. Quations 32,35, 

and 40 express these parameters as a function of three vatiables, Pi*, ro*, and 6*. For a 

given seal design, Pi* is usually a design constraint two design variables then remain. 

These design variables also specify the opening fom. A c c d g l y ,  specifying ro* and the 

opening force also detennines the seal performance parameters. For equilibtium 

conditions, the opening and closing forces are equal, therefore specifying the opening 

force, also spec i f i i  the closing force. The initial role of the seal designer is then to specify 

the closing force and seal geometry (ro*) to maximize the seal stiffness and controllab~ty, 

while minimi2jng the viscous heat generation. The following design curves pmsent the 

relationship between the design variables (Fcclose and ro*) and the seal perfomance 

parameters. 

.. 
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Figure 3-2 pnsents 1/6* (to which the controllability is proportional) and K* as 

functions Of Fcclose for V ~ ~ ~ O U S  values Of ro*. These cuws are for Pi* qual to 0.068, 

which represents a sealed pressune of 1.48 x 106 Pa at the high pressure side and ambient 

pxessure at the low pressure side. These curves demonstrate that maximizing the 

conmllabiity and stifhess impose conflicting demands on the choice of Fcclose. The 

conmllability increases as Fcclose ckcmses while the stiffness in- as Fcclose 

increases. The controllability also increases as to* incmases while the stiffness may eithex 

increase or decrease as ro* increases, depending on the value of F*=iose. 

Figme 3-3 presents US* and Q* as fimtions of Pcbse for various values of ro* 

where Pi* is equal to 0.068. These curva demonstxate that m a x h h g  the controllability 

while minhking the viscous heat generation impose consistent demands on the choice of 

Fcclose. These quantities nxpectively increase and demease as Pclose decreases. The 

nondimensional viscous heat generation may either increase or deaease as ro* in-, 

depending on the value of Pclose. 

Figurn 3-2 and 3-3 provide a rational basis from which to choose an optimum 

PciOse and ro* to maximize the controllability and stiffness of the seal, while minhkhg 

the viscous heat generation. Once these parameters are chosen, the next step m 

determining the seal geometry is to select the inside radius of the face of the floating 

component The outside radius of the seal, and the dimensional closing force, can then be 

computed from Equations 21 and 29, respectively, for given sealed pressures. o?lce the 

dkensional closing force is known, the Spring force must be chosen. The balance ratio 

can then be determined from Equation 1. Equation 3 provides a means for &termining 

the balance radius, from the balance ratio. The basic seal geometry is now known. 

Once the basic geometry of the seal is determined, the next step in the seal analysis 

(or &sign) is to determine the coning deformations of the seal f m  produced by the 
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voltage, p~ssure, and thermal loads. These deformations have a direct effect on the film 

thickness, the leakage rate, the dimensional seal sti86Ress, atd the dimensional viscous heat 

generation. The coning deformations can be computed with the finite element method. 

The finite element method WBS used to compute the coning deformations of the 

stator and the rotor produced by the voltage, pmsure, and thermal loads imposed on the 

seaL This method is based on discmum * . g the solution domain into elements and 

approximating the dBmntial equations over each eletnent utilizing variational principles 

or weighted residual methods. A debiled description of the finite element method can be 

found in many texts [e.g., Bath, 1982; cook, 1981 3. 

The structural components of the actively controlled mechanical seal include a 

piezoelechic element with a carbon face, a holder m which the piezoelectric element 

operates, and a rotating face. Each of these components affects the defomtions of the 

seal faces and therefore influences 6. These deformations were computed with ANSYS, a 

commerciauy available finiteelementprogram. 

Figures 3-4 and 3-5 present the finite element models of the floating component and 

rotating face of the seal. The model of the floating component consists of a piezoelectric 

element with a carbon face and a holder. The O-rings, O-ring gtooves, holes for the 

thermocouple leads, and the epoxy that bonds the carbon face to the piezoelectric element 

are not included m the furite element model of the floating component.. Both models are 

axisyrmnetrc with a dimension of 3.5 de- m the circumfkmtial direction. This 

angular dimension maintains reasonable aspect ratios. 
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The piezoelectric element is modeled by the STIFS element of the ANSYS library 

[Desalvo and Gormaur, 19891. This is a 3dimensionaL 8-noded brick element with 

translational (x,y,z), voltage, temperatm, and magnetic de- of hexiom at each node 

for a total of 6 of M o m  per node. The formulation of the STE5 element is 

based on a variational principle [AIik and H u g h ,  19701. The carbon face, holder, and 

rotor are modeled with the STIF45 element of the ANSYS Library m v o  and Gorman, 

19891. This element is a 3-dimensional, 8-noded brick element. Each node has x, y, and z 

translational de- of M o m  for a total of 3 degrees of freedom per node. PZT-SH is 

the material for the piezoelectric actuator and the holder mattxhl is boron Ntride. The 

face materials are carbon (for the stator) mated with tungsten carbi&. Material properties 

for these elements am presented in Appendix B. 

Both models are axisymmetric. The boundary conditions that enforce axj?nmetry 

include suppressing all chudemtial de- of fneedom and constraining all nodes with 

identical rand z coordinates to have identical displacements. 

Additional boundary conditions for the floating component are imposed at the 

boundary between the deformable face assembly a d  the holder, and at the boundary 

between the holder and the turbopump housing. Tihe defonnable face assembly is seated 

in the holder with an O-ring that allows reiative motion berween the deformable face 

assembly and the holder. This boundary condition is modeled with the STIF52 element of 

the ANSYS Library. This is a gap ehment which behaves as a spring with infinite stiffness 

it is compressed, but provides no stiffness in tension. 

The boundary condition between the turbopump and the holder is modeled by 

suppxessing the axial motion of the holder at the point whexe the O-ring contacts the 

holder. This constraint does not exert a stress on the finite element model because the 
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pressure and spring fotces that act on the floating component are balanced in the axial 

direGtioh 

The boundary conditions imposed on the rotor include the two following constraints: 

all de- of M o m  at the inside radius of the rotor are suppressed, and the axial 

degrees of firedom located in the r-9 plane at dre midplane of the rotor are suppressed. 

The first boundary &tion is based on the assumption that the rotor is rigidly attached 

to the shaft of the nubopurnp and the shaft is assumed to have no deformation. The 

second boundary condition is equivalent to assuming that the pressure and thermal loads 

axe identical on both sides of the rotor. This will generally not be true, however the error 

in this assumption is much smaUer than those due to other assumptions made in the model 

(e.g. the thermal bouadary conditions). 

Thennal strains can have a signifkant eff'ect on the deformations of a seal and theseby 

influenee the coning. Therefore, a model that computes the temperatures within the 

structural components is necessary to predict the perfomance of a seaL The finite 

element method was used to model this temperamre distribution. A description of the 

finite element method applied to heat transfer problems is pmented m several detentes 

fe.g., Bath, 1982; Cook, 1981 1. 
The finite element meshes used in the heat transfer analysis are identical to those used 

for the strucmraI analysis which are presented in Egms 3 4  and 3-5. The STIF70 

Ament of the ANSYS Library was used [Desalvo and Gorman, 19891. This element is a 

3dimensional, 8-noded brick element with temperature as the only degxee of M o m  per 

node. 

The finite element models used in the heat transfer analysis are axisymmetpic. This 

g temperatute gradients in the angular direction. The condition is enforced by elmmahn . .  



rotor is also symmetric with respect to its midplane (r-0 plane) as shown in Figure 3-6. 

This symmetry condition is enforced by constfaining this plane to be adiabatic. 

Conduction within the seal components, convection at the inside and outside radii of 

the components, and heat generation in the gas film are included in the model. Pnxise 

prediction of the requid convective boundary conditions would quire a detailed 

description of the flow field within the sealed cavity and computation of the temperatures 

of all the components in contact with the seaL This would require an extremely large 

computational effort, which was consided beyond the scope of this mathematical model. 

Therefore, considerable simplifkations were made in the heat transfer analysis, as 

described below. 

Figure 3-6 v e n t s  the thermal boundary conditions for the heat transfer analysis. 

The convective boundaries include the outside and inside radii of the floating component, 

and the outside radius of the rotor. The conduction boundary conditions include the inside 

radius of the rotor where it contacts the shaft, and the location where the O-ring, which is 

located between the holder and the turbopump housing, contacts the holder. There is also 

a heat flux into the seal faces due to the Viscous generation within the gas fiirn. 

The convective coefficient at the outside radius of the floating component is assumed 

to be zero (perfectly insulated). This assumption simplifies the thermal model and is 

probably a good assumption considering that no axial flow path exists at the outside radius 

of the seal, and the surrounding fluid is a gas with low thermal conductivity. 

The convective coefEcient at the inside radius of the seal and the bulk temperatue of 

the fluid at the outside and inside were adjusted such that the face temperatures 

computed by the mathematical model matched the measured face temperatures to within a 

few degrees G. The experimental results provide two key parameters to estimate the heat 

transfer properties at the inside radius of the stator: the face temperature, and the miation 
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of the face temperature as the voltage (and film thickness) of the seal changed. In the 

mathematical model, the face temperature increases as the convective coefficient is 

-ed, and as the bulk temperature of the fluid is imeased. ?Ire Variation m face 

temperature with voltage increases as the convective CoeRicht is derreased. These 

trends provide a means to adjust the mathematical model such that the face temperatures 

match the face temperatures from the experimental results. 

An alternate means of setting the thermal boundary conditions would have been to 

set the bulk temperature of the fluid equal to the cavity temperature, which was measured 

one of the adjustable parameters and during the seal tests. However, this ehmates 

mults in a larger discrepancy between measured and computed face temperatures (see 

Chapter VIII - CompariSon of Numerical Model with Experimental Results). 

. .  

Adjusting the heat transfer coef€kients involves an iterative procedure. The iirst step 

involves adjusting the bulk temperature such that the average face temperature matches 

the experimental face temperature at a certain voltage kveL The second step involves 

adjusting the convective &fEient such that the computed change in face temperature 

matches the expehental change m face temperature as the voltage is varied. Steps one 

and two are then repeated until the face temperatures match Feasonably weU at each 

voltage level. Typidy the face temptures a m  to within 5 OC. 

The convective coefficient at the outside radius of the rotor is based on a study m 

which conveztion coefficients were measured for a similar geometry [Gazley, 19581. 

Based on this study a convective coefficient 537 W/(m* K) is used at the outside radius of 

the rotor fwolff, 19911. The bulk temperature at the outside radius of the rotor is set 

equal to the bulk temperature of the fluid at the inside radius of the holder. 

Conduction boundary conditions occur at the i n S i  radius of the rotor where it 

contacts the shaft, and at the contact point between the holder and the housing. The rotor 
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is assumed to be in close thermal contact with the shaft and is therefore fixed at the shaft 

temperature, assumed to be the bulk temperatwe of the fluid at the insii radius of the 

holder. The contact point beween the O-ring and the holder is assumed to be adiabatic. 

This contact point is relatively far from the seal face, so its effect on seaI face temperatures 

is ignored. 

For each element of the seal faces adjacent to the gas Erlm, thee is a heat flux into the 

element due to the viscous genedon within the film. The model used to compute these 

heat transfer effects is based on s e d  simplifying assumptions. First, all viscous heat 

generation within the gas film is due to the angular velocity of the rotor. Equation 40 is 

then used to compute the heat generation rate. Second, all  heat generated within the gas 

film flows into the seal faces, therefore no heat is convected out with the seal leakage. 

This is generally valid for face seals because the gas film is yery thin and in contact with 

the seal faces which have relatively high thermal conductivities. Third, the heat is 

apportioned between the seal faces in b t  proportion to their relative thermal 

conductivities. In reality, the proportion of heat which flows into each seal face is affected 

by its geometry, thermal conductivity, and thermal boundary conditions. However, the 

model was considerably simplified by apportioning the heat based on the relative dKnnal 

conductivities of the seal faces and the errors multing from this assumption are less 

signifbnt than the errors introduced by other approximations made m the modeL The 

heat flow per node for the elements of the seal faces is then computed by dividing the heat 

flow for each element equally between the nodes. 

Once the. fluid mechanics model and finite element models are developed, it is then 

possible to compute the film thickness and leakage rate of the seaL The parameters that 
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the finite element model require include the seal geometry, the material properties, and the 

boundary conditions. Figure 37 presents the iterative procedure that is used to determine 

these performance parameters. 

The fitst step is to compute the temperatwe distribution within the seal components, 

7 
-'\ 

wbich results from the bulk temperatwe of the fluid and the convective boundary 

condition&, This is done with the finite element program ANSYS. "his produces an 

initial temperature distribution that is used in the third step to give an initial estimate of the 

thermal deformations. No viscous heat generation is included for this step. 

The second step is to determine 6* (ai). Fitst, the closing force is Computed h m  

Equation 1. Next, a value for 8* is assumed and the pressure pfile and opening force 

are computed. The opening and closing forces are compand and 6" is modified using the 

modified regula falsi method. This procedurs is repeated until the Wezence between the 

closing force and opening force is less than 0.001 N, The temperature distribution which 

was computed fiom the previous step is also read, and these temperatures are Written to 

an ANSYS batch We. 
For the third step, the defonnations of the seal faces are computed with ANSYS. 

These deformations are due to voltage, pressue, and thermal loads h m  the temperature 

distribution computed in step 1. At this stage, the thermal load does not include viscous 

heat generation. 

Once the defoxmations of the seal faces are known, the film thickness is computed in 

the fourth step. "he faces are assumed to have a lineat pfik and 6 is computed from 

Equation 24. From the coning, the film thickness at the inside radius of the seal faces is 

determined b r n  Equation 23, which detenaines the viscous heat generation rate produced 

within the fh. The viscous heat g e n e o n  rate is Written to an ANSYS batch file for use 

in the thermal analysis of the next step. 
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The fifth step consists of recomputing the tempemure p r o f i l e s  within the seal 

components with ANSYS. Viscous heat generation as well as the thermal boundary 

conditions are then accounted for. 

For the sixth step, the temperame profiles computed in the previous step are read 

from a data file, and an ANSYS batch file is written to compute the deformations of the 

sealfaces. 

New defomations of the seal faces are computed in the seventh step with ANSYS. 

These deformations also include voltage and pressure loads. 

The eighth step consists of computing a new film thickness based on the coning that 

is produced by the deformations determined from the p~vious step, and computing a new 

viscous heat generation rate based on the modified film thickness. This new film thickness 

is compared with the old film thickness, and the new temperature: distribution is compared 

with the old temperature distribution. If the film thickmsses differs by less than . 0 1  p, 

and the temperature distributions differs by less then 1 "C, then the solution for this 

voltage level is assumed to have converged. If this convergence criterion is not met, the 

computational procedure resumes at step 5. 

For low voltage levels that produce a very & gas film, it is necesaq to relax the 

coning defonnation in step 8 to achieve convergence: 

where K is chosen to be between 0 and 1 (typically 0.6). Because the coning iS relaxed, 

large changes in film thickness are prevented, which m turn pvents large increases m the 

viscous heat generation rate. This helps the solution to converge when the viscous heat 

generation becomes large as a result of small film thicknews. If the film thickness 
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becomes too thin (less than .001 pm) the faces are assumed to have contacted and the 

computation is stopped 

In the ninth step, a new voltage load is Written to an ANSYS batch file and the 

computational procedwe then mimes at the fifth step. If the results from all the voltage 

levels have been camputed, the computations are finisbed. Seven voltage loads are 

applied for each computational run: 3000,2500,2000,150091000,500, and 0 volts. Best 

pedormance for this computational procedure is achieved when the voltage loads are 

applied in decreasing order. As each solution is obtained, it is used as an initiaI guess for 

the computation of the next voltage load 

The results obtained from the mathematical model include the film thickness at the 

inside radius ofthe seal faces, the coning, theleakage, the temperame p r o f i l e s  of each 

seal component., and the pressure pfile within the gas film. These results are obtained - 

for each specitied voltage leveL 
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Figure 3-4. Finite Element Model of Stator 

iDsideRadius1 

Figwe 3-5. Finite Ekment Model of Rotor 
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CHAPTERIV 

SEAL DESIGN 

The intent of this study is to design arnechmidseal to replace the floating ring seals 

in the helium purge assembly of a liquid oxygen turbopump. Figune 4-1 presents a 

diagram of a typical turbopump. Hot turbine gases enter on one side and drive the turbine 

of the turbopump. This causes the pump impeller on the opposing side of the turbopump 

to rotate, thereby pumping the liquid oxygen. If the hot gases come m contact with the 

liquid oxygen, components of the turbine could ignite and a catastrophic explosion would 

result. Contact between the liquid oxygen and hot gases is prevented with a series of seals 

that includes the helium purge assembly, presented in Figwe 4-2. Pressurized helium is 

introduced near the midpoint of the turbopump, and flows d y  outward, away from the 

helium purge assembly, toward both the turbine rotor and the pump impeller. This 

prevents contact between the hot gases and liquid oxygen. 

Current liquid oxygen turbopump designs utilize double floating ring seals in the 

helium purge assembly, as shown in figure 4-2. Actively controlled mechanical seals 

p e n t  a promising alternative to floating seals because they could significantly reduce the 

helium leakage without sacrificing reWity. A double sed d g u r a t i o n  was chosen to 

splace the floating ring seals. A schematic of the seal is plresented in Figure 4-3, and a 

photograph of the seal components is presented in Figure 4-4. The components for this 

configuration include two nomtating floating components (stators) and one rotating face 

(rotor). Each stator consists of a bolder, a deformable face assembly, springs, and two 

secondaryseals. 
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The size and o p t i n g  conditions of a liquid oxygen turbopump impose severe 

constraints on the design of a mechanical seal. The dimensions of the seal envelope are 

pnxented in Figure 4-5, and are 38.1 mm (150 in) in the axial direction and 12.7 mm 

(0.50 in) from the outside radius of the shaft to the outside radius of the envelope. These 

dimensions are considerably smaller than those of pvious actively controw seals. The 

high pressure and low pmsuxe side of the seal are at 1.38 x 106 (185 pig) and 1.1 x l@ 

Pa (1 psig), respectively. The temperatms that affect the performance of the seal include 

the temperame of the hot gas and helium drain (1% "C), the temperalam of the liquid 

oxygen and helium drain (-150 "C), and the tempemitme of helium entering the purge 

assembly (21 "0. These temperatures impose sigdcant thermal gradients across the 

relatively small seal envelope. An additional design consideration is that the shaft of the 

turbopump operates at 7,330 rad/sec (70,000 rpm ). 

The intent of this study is to @om an initial demonstration of the feasibility of an 

actively conbrolled seal for aerospace applications. Therefore, the seal was not tested at 

the actual operating conditions, but in a less sevem environment. The tests described m 

this study were at ambient temperature and at a maximum rotational speed of 3770 rad/sec 

(36,000 rpm). These less seven! conditions simplifies the test rig and testing procedums, 

but still served as a valid demonstration case. 

The seal design pEsented below was accoznplishea through an iterative procedure of 

design, fabrication, testing and then miesign. The initial phases of the design process are 

psented elsewhem yWolff, 19911. During the expe&~entaI phase presented here, the 

seal design was modifie& and the W design is presented below. Also included is a 

discussion of the primary design considerations that led to the f a  seal eonfiguration. 
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The seal stator consists of a defmnabk h e  assembly, a holder, O-rings, and six mil 

springs. The deformable face assembly consists of a piezoekmic element, a carbon face, 

electrodes, wires to the electrodes, and a thennocouple embedded in the carbon face. 

The defoxmable face assembly is the principal component of the actively controlled 

mechanical seal. With this component, the coning deformation of the Garbon face can be 

adjusted, thereby changing the film thickness and leakage rate of the seal. The design 

considerations for this component include meeting the size constraints to fit in the seal 

envelope, producing a large range of coning defomation, and having the correct face area 

to create a favorable balance d o .  The detailed design drawings of the deformable faGe 

assembly are pmented in Figure A-2 

Coning deformation (see F 5 p  1-1) can be produced with several W e m t  

configurations of piezoeIectric IL1siterials. The type of deformation produced in a 

piezoelectric material depends on the direction of the applied electric field relative to the 

diredon of the poling axis. The piezoelectric effect is produced in various matexiah by a 

polarizing treatment (during the manufactLuing process) m which a dc. electric field is 

applied to the material while the material is at a high temperature. The direction of the dc. 

field &fines the poling axis for the material When an electric field is applied to the 

hished material m the same direction as the poling axis, the material expands m that 

direction. Conversely, the material contracts if an electric field is applied in a direction 

opposite to the poling axis, Shear deformation is produced by applying an electric field 

perpendicular to the poling axis. Based on Mte element analyses of Vatious 

configllcations performed in a previous study Ewolff, 19911, it was found that the shear 
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mode of deformation produced the Iargest amount ofconing. This mode of deformation is 

therefore utilized in the present study. 

Figurr: 4-6 presents a configuration m which a coning deformation of the carbon face 

is produced by a shear deformation of the piezoeleceic element This figme pments half 

of a cross sectional view of the &formable face assembly. "?E shear mode of defonnaton 

is induced by applying an eleGtric W m the axial direction while the poling axis is in the 

radial dimtion. Two eleztfodes are n q u k d  to create the electric field, one on each axial 

face of the seal. The carbon face, which is bonded to one face of the piezoelectric element 

with conductive epoxy, serves as the ground eleclmde. Copper foil is bonded to the other 

axial face with conductive epoxy9 and serves as the hi& voltage electrode. The 

deformable face assemblies are conf im such that a positive voltage produces a positive 

coning. 

The type of piezoelectric material directly affects the magnitude of the coning 

deformation produced by a given voltage. There are a large number of commerciauy 

available piezoelectric materiais, which are tailored to suit various applications. The 

governing criterion for this design is to obtain the maximum amount of deformation for a 

given voltage. The strains induced as a function of the electric field can be determined by 

examining the [d] matrix of the p ieme lec~~  * material [wolff, 19911. The coefficients of 

the [dl mat& that govern the shear and axial mode of clefoxmation are the d15 and d33 

coefficients, respectively. m - 5 H  is used m this study &cause it has datively large dls 

and d33 coefficients9 and is lreadily available. The pie2xxh-m~ material used m this study 

was obtained from American pieu, Jnc,, Mac-, Pennsylvania. 

Figure A-3 presents the detailed design drawings for the carbon f- that is bonded 

to the piezoelectric element The type of carbon used is P-658RC (from the Pure carbon 

Company, St. Marys, Pennsylvania), which is a resin impregnated carbon. It is necessary 
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to specifj. the proper radial dimensions to produce a favorable balance ratio, and to make 

the faee thin enough such that it is readily deformed by the piezoelectric element. Four 

slots are machined in the backside of the carbon face for two anti-rotation pins, a 

thermocouple, and a pass through for the high voltage wire. 

The balance ratio plays a key role in determining the controllability and stiffness of 

the seal (see Chapter III - Mathematical Model). Figures 4-7 and 4-8 present plots of 

1/6* (to which controllability is proportional) and stiffness versus closing force for the seal 

configurations of the helium and air steady state tests, respectively, and the closing force 

that was chosen for each test. 

Two different balance ratios were used during these seal tests, 0.748, and 0.766. 

For the helium steady state tests and some initial steady state tests in air, the balance ratio 

was 0.748. During some of these tests, dynamic instabilities were observed at higher 

rotational speeds. In an effort to e l i i a t e  these instabilities, the balance ratio of the seal 

was increased to 0.766, which produced a larger axial stiffness, and a lower controllability 

(see Chapter VII - Comparison of Numerical Model with Experimental Results). After 

increasing the balance ratio, problems with dynamic instabilities were still encountered and 

were probably due to excessive misalignment between the seal faces. The dimensions 

presented in A-3 are for the balance ratio of 0.766. For the seal faces with a balance ratio 

of 0.748 the radial dimensions are 23.62 mm (0.930 in) for the inside diameter, and 34.93 

mm - (1.375 in) for the outside diameter. 

The thermocouples embedded in the carbon face to monitor face temperature are 

type J, iron-constantan thermocouples having wire diameters of 0.25 mm (0.010 in). The 

anti rotation pins are made fiom music wire having a diameter of 1.02 mm (0.040 in). 
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The final detailed design drawing of the holder is pmented in F5gum A-4. It is 

newsmy for the holder to define the correct genmetry such that a Eavorable balance ratio 

is produced (see Design of IMormable Face Assembly, above) and to provide an 

enclosure for the piezoelectric element such that secondary gas leakage and high voltage 

breakdown are prevented. 

The material chosen for the holder is boron nitride, produced by the Carborundum 

Company, Niagara Falls, New York. Boron niaide is a machinable ceramic, which has 

high thermal conductivity (see table of material properties), but is d & d y  insulating. 

Such a combination of properties is favorable for the actively controlled seal. The high 

thermal conductivity allows heat to be conducted away from the seal faces, thmby 

preventing excessive faGe temperatures. The ekctrical insdating properties enable the 

high voltage electrode of the defonnable faee assembly to sustain the voltrages applied to 

it. 

The deformable face assembly is seated m the holder with an O-ring around the outer 

chudmnee .  This method of assembly prevents secondary leabge while facilitating 

ease of fabrication. In addition, ?his design pnkents the fewest constraints on the 

boundary of the deformable fhce assembly, which maximhs the coning deformation for a 

given voltage. 

The holder provides a seat for the deformable face assembly, and also indares the 

piezoelectric element fiom the helium, which has a particularly low dielectric strength 

Paul and Burrowbxidge, 19691. Initially, the holder did not unnplete4y enclose the 

piezoelectxic element and voltage breakdown occurred between the insii  radius of the 

piezoelectric element and the shaft of the test rig. Therefore, the holders were modified to 

completely enclose the piezoelectric element (see Figure A-4). This configuration had 
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limited success in preventing high voltage breakdown m Mum.  Therefore, the seal was 

tested m air in which no voltage breakdown problems occurred (see Chapter V- 

ExpimentaI Equipment and Test proeednrres). 

There are two O-rings used in each stator to prevent secondary leakage, one located 

between the test rig housing and holder, and one located between the holder and outer 

circumference of the deformable f a  assembly. The principal criteria that dewmine the 

Gning design and selection is the need to pvent  secondary leakage while not excessively 

restricting axial motion of the seal components, Therefore, light O-ring squeezes are 

utilized, especially for the O-ring between the holder and housing. Both @rings are made 

from Buna-N with a durometer hardness of 70, which is widely available and well suited 

for the laboratov test conditions. 

The O-ring beween the holder and the test rig housing is an AS568A-121 Ckring 

having an inside diameter of 26.64 mm (1.049 in) with a thickness of 2.62 mm (0.103 in). 

The outside diameter of the O-ring groove m the housing is 31.62 mm (1.245 in) and the 

holder diameter on which the 0 - h g  is seated is 26.92 mm (I .060 in). These dimensions 

produce an O-ring squeeze of 10.3 percent. 

The O-ring between the holder and deformable face assembly is an AS568A-028 0- 

ring having an inside diameter of 34.65 mm (1.364 in) with a thickness of 1.78 mm (0.070 

in). The outside diameter of the O-ring groove in the deformable face assembly is 37.97 

mm (1.494 in) and the outside diameter of the deformable face assembly on which the O- 

ring is seated is 34.93 mm (1.375 in). These dimensions produce an O-ring squeeze of 

14.6 percent. 
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A light spring load is required to ptoduce a favorable closing force to maximh the 

conmIlab%ty of the seal 'herefore, coil springs are otiliaed to provide the spring load; 

they have an axial length of 15.75 mm (0.620 in) and a diameter of 2.24 mm (0.088 in) 

(Associated Spring Raymond, Corry, fennsylvania Part No. Goo88-010-062 M). These 

springs are made from music wire 0.25 mm (0.010 in) m diameter and have a spring 

constant of 0.333 N/mm (1.9 Win). 

Six coil springs are utilized for each stator. They are compressed 5.72 mm (0.225 in) 

while m place m the test rig which produces a spring force of 1.9 N (0.4 lb) for each 

spring. Thdore, the combined spring load for the six springs is 11.4 N (2.6 lb). 

The detailed design of the rotor is presented in Figure A-6. The primary 

considexations for the selection of the rotor is that it has good wear charactens tics, and 

that it can withstand the centrifugal stresses that are imposed on it. Tungsten carbide was 

chosen as the material for the rotor, which has good wear characteristics when mated with 
. 

acarbon face.. 

The primary strength considemtion for the rotor is to ensure that it c8n withstand the 

centrifugal stresses that are produced by high r~tational speeds, To compute these 

stresses, a finite element analysis was pexformed of the seal rotor at a rotational speed of 

7,330 rad/= (70,000 rpm), which is the operating speed of the liquid oxygen turbopump. 

The maxirnum principal stress, which o c c d  at the inside radius of the rotor, was 70.8 

MPa (10.3 kpsi). A strength theory g e n d y  used for brittle materials (such as tungsten 

carbide) is to compare the dtimate tensile strength of the matexial with the maximum 

principal stress Budpas, 19771. For tungsten carbide, the bending strength (which is an 



indirect measum of the tensife strength) is 1700 MPa (246.6 kpsi) [Cleaver, 19881 which 

is much largex than the principal stress previously computed. lkxefore, a tungsten 

carbide rotor is strong enough to withstand the centrifbgal stresses produced by a shaft 

speed of 7330 md/sec, and is also suitable for the lower operating speeds of these seal 

tests. 
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Figure 4-1. Schematic of a Typical TIlrbopump 
From Sobin and Bissel[ 19741 
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CHAPTERV 

EXPERlMENTALEQUlPMENTANDTESTPROCEDURES 

The main objective for the seal tests was to demonstrate that an actively controlled 

mechanical seal is feasible for ~erospace applications. A test rig was developed to partially 

simulate the operating environment in an actual liquid oxygen turbopump. This involved 

fabricating a seal housing with a sealing envelope Simitar to what is typically found m a 

liquid oxygen turbopump and to design the test rig such that it could be operated at 

relatively high rotational speeds. The sevene temperatures aMually found in a liquid 

oxygen turbopump were not simulated with this experimental setup. 

Factors of primary importance that determine the performance of the seal are the 

leakage rate of the seal and the temperatures of the seal components, m relation to the 

voltage applied to the deformable face assembly. These were measured, as well as the 

parameters that determine the operating conditions of the turbopump: the sealed pressure 

and rotational speed of the shaft. 

The tests that were performed included bench tests of the deformable face 

assembly, steady state tests, short tenn transient tests, and longer tern transient tests. 

Since the seal control is based on controhg the coning with the defonnable face 

assembly, bench tests were necessacy to determine how well the coning could be varied 

with the deformable face assembly. 

The steady state tests provided an initial demonstration that the leakage rate of the 

seal could be adjusted with the actively controlled seal while maintaining tonable face 

60 



temperatures. In addition, the steady state test results can be compared to the predictions 

of the mathematical model that was previously developed wolff, 19911. 

The transient tests were performed to demonstrate that the seal could be 

&&vely operated with a closed-hop control system. This involvd several steps, the 

first of which was evaluating whether the leakage rate of the seal or temperature was the 

more appropriate feedback signat Another step was to determine the performance of the 

seal while it was subjected to various operating transients. The final transient testing 

involved opemting the seal for an extended period of time to &teanine the longer term 

operating cbaractens - ticsoftheseal 

A schematic of the test setup is presented in Figure 5-1 and photographs of the 

setup are presented in Figures 5-2 and 5-3. Figure 5-2 presents the seal tester and the 

motor while Figure 5-3 p e n t s  the test setup. The test apparatus consisted of the 

actively controlled mechanical seal, the seal tester, the belt drive system, the motor and 

motor controller, the gas @limn or air) supply system, and the instrumentation. The 

latter consisted of a high voltage power supply, a flowmeter, a pressure gage, 

thermocouples and thennocouple readers, and a tachometer. Other instrumentation that is 

not shown m Figuze 5-1 included an optical %-a monochromatic light source, and a 

surface profilometer. The latter instrumentation was used to measure the coning of the 

deformable face assembly. 

Appendix A presents detailed design drawings of the seal tester utilized m these 

experiments. The housing of the seal tester was fabricated from aluxninum while the shaft 

was made from 01 tool steeL Two ball bearings were utilized to support the shaft These 

were deep groove, sealed ball bearings available from Baden p1.ecision Bearings, 
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Danbury, Connecticut, part n u m b  lOOFFIxl and 10lFFIXl. Ihe limiting speed 

rating for these bearings is 6070 rad/= (58,000 qm). 

For each of the two floating components, there were two pass throughs for the 

thermocouple wires, and for the w i w  attached to the electrodes on the piezoelectric 

transducers. These wire pass &roughs were sealed with Swagelok union fittings, part 

number B-1000-6. 

The motor that was utiiized to drive the test rig was a one horsepower, variable 

speed universal motor. This motor is rated at a maximum speed of 1050 racUsec (l0,OOO 

rpm) and is available from W. W. Grainger, Inc., Lincohhk, Illinois, item number 

2M191. The motor was controlled with a pulse width modulated motor controller that 

utilkd the tachometer signal as the feedback (see figure C-I). 

The belt drive system consisted of two pulleys, an idler pulley, and a V-bek The 

diameter ratio of the pulleys was 5 to 1 which provided a maximum speed cajmbiity for 

the test rig of 5240 d s e c  (50,000 rpm). An idler pulley was placed at the non tension 

side of the pulley to increase the contact angle between the belt and the pulleys. 

The gas (either helium or air) was supplied to the test rig from a cylinder through 

1/4 inch diameter copper tubing. "he copper tubing was connected to the housing with a 

Swagelok male connector, part number B-403-1. 

A Trek (Mm New Yo&) model 61OC high voltage power supply was used to 

drive the piezoelectric actuators. This instrument can be utilized as either a high voltage 

supply or amplifier with an output voltage range of -10 kV to +10 kV. The voltage 

applied to the piemelectric transducer did not e x d  f3 kV, to p v e n t  damaging the 

piezoelectrics. When used as an ampWier, the gain was set to lo00 VN. The noise 
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specification for this instrument is 0.7 V RMS with a slew rate (a measure of the response 

time of the instrument) of 20 V/p. 

A flowmeter was located in the gas supply line to measure the leakage rate of the 

seal. The seal of this study is B double seal, therefore the flowmeter measures the leakage 

from two seals. Two difEmnt flowmetea were utili&, a rotameter, and an electronic 

mass flowmeter. A model FL112 rotameter from Omega Engineering, Inc. was used for 

the steady state helium tests. This flowmeter has B range of 0-45 slm (0 - 1.59 sdm) for 

helium when a stainless steel ball is used, with an accuracy of f2 percent of the reading 

and a repeatability off  1/2 percent of the reading. For the steady state air tests and the 

transient tests, an electronic mass flowmeter was used, model number FMA-874-V from 

Omega Engineering, Inc., Stamford, Connecticu~ This flowmeter has a range of 0-100 

slm (0 - 3.53 &) of air with an accuracy of f2 percent of the full scale reading and a 

repeatability of fo.2 percent of N1 scale. The Iesponse time of this flowmeter is 12 sec. 

A pressure transducer was also installed in the gas flowline to measure the cavity 

pressure. For the steady state tests, the pnessure was measured with a bourdon tube dial 

gage with a range of 1.01 x 10s - 2.86 x 106 Pa (O-400 psig), and an accuracy of f2 

percent of the d i g .  For the transient tests, the pressure was measured with an 

electronic pressure transducer, model number PX633-3ooGsV &om Omega Engineering, 

Inc. "his transducer can measure pmsures up to 2.17 x 106 Pa (300 psig), with an 

accuracy of fo.5 percent of the full scale reading. The response time of this transducer is 

5 msec. 

Three thermocouples were installed to measuE the temperatue of each seal face, 

and to measure the cavity temperature. These wen= type J, ironGonstantan thermocouples 

with a wire diameter of 0.25 m (0.010 in). Three DP116JF1 thermocouple t.eaders 

from Omega Engineering, Inc. were used for the thennocouple signal conditioners. These 
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have an accuracy of f1.5 % and provide an output signal of 1 mV/%. This signal was 

conditioned with an OM5-IMV-lOOA voltage amplifier h m  Omega Engineering, Inc., 

which amplifies a signall of flOO rnV to f 5 V with an 8ccu~acy of 0.05 percent. This 

voltage signal was then modified wivh a voltage divider such that the final calibmion value 

for the thenmmuple signals was 275 oCN. 

A smaU de. motor was used for the tachometer. The motor was an Archer, 1.5- 

4.5 V d.c. motor (aMilable from Radio Shack) that was attached to the motor pulley with 

a shaft coupler. A 4.7 pF capacitor was placed m parazlel on the output signal to filter out 

the ac. component in the tachometer signat The d.c. motor was calibrated with an 

optical tachometer, pduced by Compact Instruments Limited of Hertfordsk, England 

This optical tachometer has an accuracy of f 1 rad/sec (f10 rpm). 

The instrumentation was interfaced with a DAS-16, Keithley Metrabyte (Taunton, 

Massachusetts) data acquisition card that utilizes a 12 bit analog to digital converter. The 

card was configured to accept a -5 to +5 V input signal, with double ended input. This 

card was installed in a CompuAdd model AOOO, 386 personal computer. Labtech 

Notebook, Version 6 (Laboratory Technologies, he., Wilnnington, Massachusetts) was 

utilized for the data acquisition software. 

In the bench tests, the coning &fomation was measured with a 2-inch diameter 

optical fiat and a green monochromatic light sourte with a wavelength of 0.5461 pn~ (22 

pin), obtained from E h u n d  Scientific, Barrington, New Jersey. Wish this light source, 

&ere is a surface height variation of 0.27 pn~ (1 1 ph) (reatiVe to the optical flat) between 

adjacent fringes. 

The surface profiles were measured with a surface protilometer produced by 

Hommelwerke, Model 'IZOA (United States distributor is Valmet, Inc., New Bhtain, 

Connecticut). A sty1us was used with a 5 pn~ (197 ph) tip radius, 
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"he first step to determine the coning deformation of a seal face was to polish the 

carbon such that it had a reflective finish An optical flat was then placed on the carbon 

face (while it was removed from the housing) and illuminated with a monochromatic Iight 

source. This produced a fringe pattern. A voltage was then applied to the deformable 

face assembly, which resulted m a coning deformation. The coning deformation caused 

the fringe pattern to form into concentric rings. The coning deformation could then be 

measured by counting the number of concentric rings; the coning deformation from one 

fringe to the next was 0.27 pm (1 1 pin). 

The surface profiles were measured with the surface proflometer over a travel 

length of 4.8 mm (0.19 in) at a travel speed of 0.5 mm/sec (0.02 idsec). The analog 

voltage output of the surface profile was then downloaded to a data acquisition catd that 

sampled the output at 400 Hz. This resulted in a trace that consisted of approximately 

4OOO points. The digitized traces were then leveled numexidy. 

The steady state tests were performed by manually adjusting the voltage applied to 

the deformable face assembly. The voltage was initially set to the maximum value, then 

decreased in 500 Vsteps tothemirrimum value, and then increased in 500 V steps back to 

the maximum value. Two sets of steady state tests were performed (with helium and air), 

that involved different test conditions and procedures. 

The helium tests were the first succedul set of tests that were performed. A 

rotameter was utilized to measure the leakage rate, and all data were recorded xnanuaUy at 

one minute inte~~als. The data xsorded included the leakage rate, the face temperature of 

each carbon face, the voltage applied to the deformable face assembly, the cavity 

temperature, the d e d  pressure, and the rotational speed. The maximum voltage for 
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these tests was limited to 2000 V. Higher voltage levels produced leakage rates higher 

than the maximum flowrate the rotameter could measure. Each voltage level was held for 

four minutes. The balance ratio for these tests was 0.748. 

A problem with electrical breakdown was encountered during the steady state 

helium tests. InitiaUy the seal design provided no enclosuxe for the deformable face 

assembly at the inside radius. 'Ibis design was based on the observation that no eieztxid 

breakdown occurred when high voltage levels were applied to the piezoeleclric element m 

air. However, helium has a much lower dielectric strength than air, which resulted in 

electrical breakdown when the seal was operated in a helium atmosphere. Various 

attempts were made to insulate the piezoelectric element that included, using insulating 

grease, fabricating and installing bushings to cover the inside radius, and refabricating the 

holder and sealing the inside radius from the helium with O-rings. Each of these attempts 

was marginally successful, however voltage breakdown eventually r e o c c u d  and a great 

deal of time was lost in attempting to electrically insulate the deformable face assembly. 

Therefore, the testing was continued with pressurized air, which was deemed acceptable 

to demonstrate the feasibility of an actively controlled gas seal. 

Once air was utilized as the d e d  gas, no further electriGal breakdown problems 

o c c u d .  However, at the highex mtational speeds dynamic instabilities occurred. This 

produced emtic leakage rates m concert with suddenly in- face temperatures, while 

the voltage was held constant. To address this problem, the balance ratio of the seal faces 

was increased from 0.748 to 0.766. This was a datively straightfod modification to 

increase the axial stiffness with the higher balance ratio. However, dynamic instabilities at 

higher speeds were still encountered. This ultimately limited the maximum rotational 

speed of the test rig to 3770 rad/sec (36,000 rpm), wherws it was originally planned to 

operate the test rig at speeds up to 4190 d s e c  (40,OOO rpm). 
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After the balance ratio was increased to 0,766, the steady state air tests were 

performed. An electFonic flowmeter was installed, and each instrument (except for the 

pressure dial gage), was interfaced with a data acquisition card installed in a micro- 

computer. This enabled a much higher sampling rate of one Hz. 

The electronic flowmeter could measuE higher leakage rates than the rotameter. 

Therefore, the voltage range for the steady state air tests was f r ~ m  3000 to o V. The 

voltage loading sequence was sirnilat to the steady state heliurn tests, and the voltage was 

held constant at each point for one minute. The data recorded for these tests included the 

leakage rate, the voltage applied to the deformable face assembly, the face temperature of 

each carbon face, the cavity temperature, the sealed pressure, and the rotational speed. 

The steady state tests demonstrated that the leakage rate could be controlled with 

the control system. The next step was to integrate the controlhble seal in a closed-loop 

control system, and subject the seal to various operating transients while it was operated 

with an automatic controller. A commercially available proportional, integral, derivative 

(P.I.D.) controller adab le  in LabTech Notebook was utilized for these tests The P.I.D. 

controller is defined by lphillips and Harbor, 19881 

O(t) = output signal 
e(t) = error(setpoint - fdbacksignal) 
K, = proportionalconstant 
ICI;-= integral WllStant 
KD = derivativeconstant 
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The controller was tuned on a trial and eRor basis and the COefKciem for the various tests 

are F n t e d  m a subsequent chapter (see Chapter VI - Results). Either the leakage rate 

or the face temperature of the seal pvided the feedback for these tests. The output 

signal was a voltage which was fed to a high voltage amplifier with a gain of 1OOO. The 

amplified voltage was then used to drive the p i e m w c  actuator. 

All data were sampled at one Hz for these tests with the exception of the leakage 

rate during the tests in which leakage rate was utiiized as the feedback. For these tests, 

the leakage rate was sampled at eight H z ,  and the voltage applied to the controller was 

also updated at this rate. 

The longer tenn transient tests typ idy  consisted of eight, one-half hour cycles for 

a total test time of four hours. The lealcage rate provided the feedback for these tests. 

During these tests the transients imposed on the seal included the step harases and 

decreases m pressure and speed, and a rapidly varying transient of p~ssure and speed. 

The ramp changes in pssure a d  speed were not included, because they were less severe 

than the step changes. Each half-hour cycle also included a startup and shutdown. 
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CHAPTERVI 

EXPE 

The apeximental investigation of the included 

three major task. bench testing of the deformable Eace the range 

of coning they produce, steady state tests of the seal at various sealed pressures and 

rotational speeds, and transient tests of the seal with a closed-loop control system. 

The controllability of the seal is dit.ecfy related to the range of coning that the 

deformable f e  assembly can produce; the larger the mge of Coning, the larger the range 

of film thickness that the seal can obtain. Figurn 4-6 and A-2 present drawings of the 

deformable face assembly. The assembly utilized in these tests had the following radial 

dimensions: an outside diameter of 34.80 mm (1.370 in) with an inside diameter of 24.00 

mm (0.945 in). 

The coning was measured with a monochromatic light source and optical flat (see 

Chapter V - Experimental Equipment and Procedures). Figure 6-1 shows a plot of 

coning versus voltage for a typical deformable face assembly. Ihe voltage was initially 

3OOO V and decl.eased in 500 V inmments to a voltage level of -3000 V. The voltage 

was then in- m 500 V increments to a voltage of 3000 V. Figure 6 1  demonstrates 

that a range of coning from approximateJy 2 to -3.5 pm (79 to -138 pin) was produced by 

the deformable face assembly. 

The coning deformation exhibited hysteresis over the voltage range applied to the 

deformable face assembly. The decreasing portion of the voltage loading path from 3000 
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to -3000 V exhibited a larger positive coning than the inmasing portion from -3000 to 

3000 V. At a voltage level of 0 V there was a difference in coning of 3 pm (118 pin) 

between the demasing and inmasing voltage loading paths. 

Also presented in Figure 6-1 is a coning versus voltage plot in which the voltage 

range was limited to the range 0 to 3000 V. This plot exhibits much less hysteresis than 

the previous plot. 

Figum 6-2 presents two coning versus voltage curves; one seal face was biased to 

produce a larger positive coning while the other curve is h m  a seal face that was biased 

to produce a larger negative coning. The coning can be biased in the positive direction by 

first applying a large negative voltage to the deformable face assembly. When the voltage 

load is removed, there will be some residual negative coning. The residual coning was 

observed to change slightly (less than a micron) over a period of several hours. 

Repolishing the seal face then xemoves the midual negative coning. This results in a 

deformable face assembly that produces a coning biased in the positive direction. In a 

similar manner, the coning can be biased in the negative direction by first applying a large 

positive voltage and then repeating the steps described above. Both curves present 

similar coning versus voltage characteristics with a 2 pn (79 pin) offset between them. 

This technique of biasing the coning can be utilized to produced a seal face with an initial 

positive or negative coning. - 
Several tests were performed to determine the steady state performance of the seal, 

The intent of these tests was to demonstrate that the leakage rate could be contToued by 

adjusting the voltage applied to the seaL The temperatuxes of the seal faces were also 

examined during these tests because high face temperatures can be an indication that the 
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faces are contacting, or conversely lower face temperatures could be an indication that 

there is afilm between the sealfaces. 

During the steady state tests, the dependence of the leakage rate and face 

temperature were examined as functions of the following variables: the voltage applied to 

the piezoelectric actuator, the sealed pressure, and the rotational speed of the test rig. The 

temperature inside the seal cavity was also recoded during these tests. 

TS& 

Figure 6-3 pments a plot of the leakage rate and voltage applied to the seal versus 

time. This test was performed at a sealed pressure of 1.48 x 106 Pa (200 psig) and a 

rotational speed of 3250 d s e c  (31,000 rpm). The seal was operated by initialy applying 

a voltage of 2000 V. The voltage was decreased m 500 V inmments to a minimum 

voltage level of 0 V and then i n w e d  in 500 V increments to a voltage of 2000 V. The 

seal was operated at each voltage level for three minutes. 

Figure 6-3 demonstrates that the leakage rate can be varied over a signifkant range 

by varying the voltage applied to the seal. The leakage rate decmses (or inc~leases) with 

each decrease (or increase) m voltage. Over the decI.easing portion of the voltage curve, 

there is a deaease in leakage rate from 42 to 4 sim (1.48 to 0.14 scfm). At the lower 

leakage rates, the seal is less responsive to changes in applied voltage. Over the increasing 

portion of the voltage curve, the leakage rate increases from 4 to 46 slm (0.14 to 1.62 

scfm). 

Hyste~sis is present in the leakage rate curve p e n t e d  in Figure 6-3 and is generally 

present in each of the steady state tests. The leakage rate curve differs over the decreasing 

portion of the voltage load as compared to the increasing portion of the voltage load. The 

ystezesis could be produced by the hysteresis present in the coning deformation (see 

Figure 6-1) or by the nesponse of the floating component of the seal. The second souzce 

*. 
. .  
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of hysteresis could arise from the O-rings located between the floating components and the 

sealhousing. 

Figures 6-4 and 6-5 present the effects of operating the seal at lower sealed pressures 

of 1.14 x 106 Pa (150 psig) and 7.91 x 10s Pa (100 psig), respectively. The rotational 

speed for these tests was again 3250 rad/= (31,000 rpm). These figures demonstrate 

that the leakage rate of the seal can still be varied by controlling the voltages applied to the 

-==seal faces. For the test at 1.14 x 106 Pa (150 psig), the leakage rate varies between 28 

and 3 slm (0.99 to 0.11 scfm) for voltages between 2000 and 0 V. This range of leakage 

rates is reduced compared to the previous test for the same voltage range. This reduced 

leakage rates at lower pressures is a result of thinner films between the seal faces, and less 

pressure to drive the seal leakage. 

‘u 

For the seal test performed at 7.91 x 10s Pa (100 psig) the leakage rate varies 

betwem 7 and 1 slm (0.25 to -03 scfm) for voltages between 2000 and 0 V. The ranges of 

leakage rates that can be obtained is seen to hrther decrease as the sealed pressure is 

decreased. 

Figures 6-6 and 6-7 present the effects of operating the seal at rotational speeds of 

2720 rad/s= (26,000 rpm) and 3665 racUsec (35,000 rpm). The sealed p m u r e  for these 

tests was 1.48 x 106 Pa (200 psig). The performance of the seal at these reduced speeds 

is similar to the performance demonstrated in figure 6-3. The range of leakage rates 

obtained from the seal are w, the xnaximum leakage rate is in the range of 40 to 50 

s& (1.41 to 1.77 scfrn) whereas therninimm leakage rate ism the range of 2 to 4 slm 

(-07 to 0.14 scfm).. 

Figure 6-8 presents the temperatures of the seal faces and the cavity temperature for 

a sealed pressure of 1.48 x 106 Pa, and a rotational speed of 3665 radlsec (35,000 rpm). 

This figure demonstrates that the temperature increases as the leakage rate of the seal 
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decreases. This is expected, since the film thickness between the seal faces is lower at the 

lower leakage rates, which haeases the viscous heat generation produced by the interface 

between the rotating and nonrotating seal faces. During the inaeashg portion of the 

temperature curve, the temperatme of the seal faces steadily jncxeases from 40 to 65 "C. 

At the point of minimum leakage rate, the seal has not yet reached a steady state 

condition, and the temperature continues to innease even though the leakage rate has 

increased slightly. Therefore, there is a three minute time lag between the point of 

minimum film thickness and maximum face and cavity temperature. However, over the 

decreasing portion of the temperature curve, the face temperature ckaeasa in a stepwise 

manner with each step increase in leakage rate. 

Figure 6-8 demonstrates that face temperature can be used as an indication of 

leakage rate, and therefore film thickness, once the face temperature has reached a steady 

state condition. Thus, the face temperature could provide the feedback to an active 

control system. Based on studies p e d o d  with other actively con.trolled seals [Salant 

et. al., 19871, it had been expected that the temperature dif€mnce between the face 

temperature and cavity temperature could provide a better indication of film thickness and 

leakage rate. figure 6-9 presents such a plot of the temperature difference (face 

temperature minus the cavity temperattm) versus the leakage rate of the seal for the same 

conditions as the previous plot. The relationship between temperature difference and 

leakage rate is not as clear as compared to face temperature versus leakage rate. 

iherefore, for the transient seal tests, the temperature menme was not used as a 

feedback signal. 
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Steady state tests were also pedormed with air as the sealed gas. During these tests, 

the leakage rate and seal face tempera- were again examined as functions of the voltage 

applied to the piezoelectric actuator, the sealed pmure, and the rotational speed of the 

test rig. These tests were performed by initially applying a voltage led of 3000 V. The 

voltage was then decmsed in 500 V increments to 0 V and then incxwsed in 500 V 

increments to 3OOO V. 'Ihe seal was operated at each voltage level for 1 minute. 

Figure 6-10 presents the test results for a sealed pressure of 1.34 x 106 Pa (180 psig) 

at a speed of 3770 d s e c  (36,000 rpm). This figure again demonstrates that the leakage 

rate can be varied over a considerable range by controlhg the voltage applied to the seal 

With each step change in voltage there is a corresponding change in leakage rate. As the 

voltage is decreased from 3000 to 0 V, the leakage rate decreases from 17 to 4 slm (0.60 

to 0.14 scfrn). As the voltage is i n d  from 0 to 3000 V, the leakage rate incmses 

from 4 to 19 slm (0.14 to 0.67 scfm). Hysteresis can again be seen in the seal response. 

Over the decreasing portion of the voltage curve, the leakage rate is generally higher than 

the leakage rate over the incI.easing portion of the voltage curve, for identical voltage 

levels. 

Figure 6-11 presents the effects of operating the seal at a reduced pressure of 

6.48 x 10s Pa (80 psig). The operating speed for this test was the same as the previous 

test, 3770 d s e c  (36,000 rpm). This figure demonstrates that the leakage can still be 

&id by controlling the voltage applied to the seal. However, the range of leakage rates 

is considerably reduced as compared to the pvious test. The leakage rate varied 

between 8 and 2 sim (0.28 and .07 scfm) as the voltage was varied between 3000 and 0 V. 

Fi- 6-12, and 6-13 present the effects of the operating the seal at rotational 

speeds of 3140 and 2830 d s e c  (30,000 and 27,000 rpm), t.espectively. The sealed 



pressure for these tests was 1.34 x 1@ Pa (180 psig). The leakage rate can be djusted at 

each speed by Conttouing the voltage applied to the seal. For the test at 3140 rad/sec, the 

leakage rate varied &tween 12 and 3 slm (0.42 and 0.11 scfm). For the test at 2830 

radsec, the leakage rate varied between 9 and 4 slm (0.32 and 0.14 scfm). The range of 

the leakage rates is d u c e d  as the speed is decreased. This could be amul t  of thermal 

effects or it could also be due to misalignment between the seal faces which produces a . 

hydrodynamc effect 

Fiw 6-14 presents the seal face temperature, cavity temperatwe, and leakage rate 

versus time for a sealed pssure of 1.34~106 Pa (180 psig) and a speed of 3770 d s e c  

36,000 rpm). The face and cavity tempture inmase as the leakage rate decreases, and 

conversely the face temperature demases as the leakage rate increases. The face 

temperature reaches a maximum of 103 OC while the cavity temperature reaches a 

maximum of 65 "C. At each step change in leakage rate there is a sudden change in the 

slope of both the face and cavity temperature curves, However, this trend is more obvious 

in the cavity temperature curve. A comparison of the cavity temperature for the helium 

test to the cavity temperature for the air test indicates that cavity temperature for the latter 

test is more mponsive to changes m the ieakage rate. This is due to the placement of the 

thermocouple. For the air tests, the thermocouple was located directly in front of the gas 

inlet, whereas for the helium tests it was located further away from the gas inlet. 

A comparison of the helium and air tests indicates that the seal can operate 

successfully with either gas. The leakage rate is seen to vary consi&rably as the voltage is 

changed. Both tests also demonstrate that the controllability of the seal degrades as the 

sealed pressure decreases. For both tests, the leakage rate g e n d y  increases as the 

speed increases. This trend is partly due to the increased viscous heat generation, which 

inmases the thermally induced coning deformations. The increased leakage rate with 
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speed could also be an indication that there is a hydrodynamic 

could be produced by misalignment between the seal faces. 

upportpresent. This 

The leakage rate is seen to be generally higher for the helium tests as compared to 

the air tests. This is partly due to the reduced balance ratio for the helium tests, which 

produces a higher seal controllability. In addition, the air tests were pedomed at a 

slightly reduced pressure. This was due to a f d t y  pxessure transducer, which was not 

detected until after the air tests were performed. 

The intent of the transient tests was to detennine the seal performance when 

subjected to transient conditions while being operated with a simple closed-loop control 

system. Two different signals were examfned as feedback to the control system: the 

leakage rate and the temperature of one of the seal faces. A commercial proportional, 

integral, derivative control system was used for these tests (see Chapter IV -Experimental 

Equipment and Procedures). The performance objective for these tests was to maintain 

the setpoint of the controlled parameter. In addition, the control systems were evaluated 

based on their effectiveness in limiting leakage while preventing excessive face 

temperature. 

Transient tests were performed for two Merent time periods. The time period for 

the short term tests was approximately one half hour, while that for the longer term tests 

Was four hours. 
. art Te- 

Figure 6-15 pxesents the pressure and speed transients hposed on the seal during the 

short term tests. The seal was started and operated for approximately three minutes with 

a cavity pressure of 1.48 x 106 Pa (200 psig) and a rotational speed of 3770 d s e c  
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(36,000 rpm). The following operating transients were then impoSea on the seal: a ramp 

decrease followed by a ramp increase m both speed and pllessure and a step decrease 

followed by a step increase in both speed and pressune. The speed of the shaft was varied 

between 3770 and 2ooo d s e c  (36,000 and 19,000 rpm) while the pressure was varied 

betwen 1.48 x 106 and 4.46 x 1@ Pa (200 and 50 psig). During the speed transients, 

the pressure was held constant at 1.48 x 106 Pa, and during the p w u r e  transients, the 

speed was held constant at 3770 rad/sec. 

Figure 6-16 presents the leakage rate and temperature of the seal faces versus t h e  

for the test that used the leakage rate as the feedback from the seaL The three coefficients 

(Kp, KI, and KD) of the P.I.D. controller were set to 0.1 V/slm, 0.2 V/(slm see), and 0.01 

(V sec)/slm, respectively. The sampling rate for the flow rate was 8 Hz, which was also 

the rate at which the voltage to the seal is updated. All other data were sampled at 1 Hz. 

Figure 6-16 demonstrates that the control system can maintain the setpoint leakage 

rate of 12 slm (0.42 scfm). The maximum deviation in the setpoint occurs during the 

stepwise pressure d e n t s .  At the lower cavity pressure, the leakage rate deviates more 

from the setpoint than at the higher cavity pressures. This trend was generally observed m 

the seal tests; at lower pressures the leakage rate of the seal oscillated. (During some seal 

tests at higher speeds, these oscillations became much larger and severely affected the 

performance of the seal - see discussion of instability below.) By maintaining the leakage 

rate at a constant value, the temperature of the seal faces is also limited. During this test 

the maximum seal face temperature was 81 'C. This is as expected; a set leakage rate of 

the seal ensures that there is a lubricating film between the seal faces, which pvents  the 

seal faces from contacting and becoming too hot 

figure 6-17 presents the voltage applied to the seal by the control system, versus 

time for this test. This figure clearly demonstrates that the control system was very active. 
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The voltage range that was available to the controller during this test was 0 to 3000 V and 

Figure 6-17 demonstrates that the full range was utilized. 

Figure 6-17 demonstrates that as the transients in rotational speed were imposed on 

the seal, the voltage applied to the seal changed at the same time. This could be an 

indication that there was a hydrodynamic load support, produced by slight misalignment 

between the seal faces. 

The voltage in Figure 6-17 increases as the pressure decnxses (see Figure 6-16). 

This is as expected, as the pressure decl.leases, the film thickness must haease to maintain 

a constant flow rate. 

figure 6-18 presents the leakage rate and temperature of the seal faces versus time 

for the control system with temperature of a seal face as the feedback. The transients 

imposed during this test were identical to the transients imposed in the test that utilized 

leakage rate as the feedback signal (see Figme 6-15). The data presented in this figure 

begins once the seal face temperature was close to the setpoint of 80 OC. The voltage 

applied to the seal was controlled manually up to this point. The three coefficients (Kp, 

KI, and KD) of the P.I.D. controller were set to -0.5 VPC, -0.1 V/(OC see), and -0.5 (V 

sec)PC, respectively. AU data were sampled at 1 Hz for this test, and the voltage to the 

control system was also updated at this rate. 

The setpoint temperature of 80 "C is maintained closely during this test. Maximum 

deviations from the setpoint occurred during the stepwise changes in presswe. However, 

these deviations were less than 3 OC. The leakage rate varied from 2 to 16 s h  (-07 to 

0.57 sdm) during this test with larger spikes OcCuRing as the pressure transients occurred. 

The wide variation in leakage rates points out a disadvantage of utilizing temperature as 

the feedback signal to the control system. During transients when the face temperature 

decreases rapidly, the control system dramatically duces the leakage rate to prevent a 
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decrease in face temperature. Face contact and wear of the seal €&ax, is likely to occur at 

this point. An additional disadvantage of this control system is that with the basic P.I.D. 

controller, the controller must be operated manually until the face temperature nears the 

setpoin~ Othenvise, the controller will set the voltage at the minimum level to bring the 

face temperature to its setpoint rapidly, which could promote face contact. 

Egm 6-19 pnsents the voltage applied to the controller during this test. The 

voltage varied from 0 to 3000 volts which indicates that the control system was very 

active. The voltage decrased as the rotational speed decreased which is opposite to 

what occurred when leakage rate was utiliped as the feedback signal. This is explained by 

considering the viscous heat generation between the seal faces. The viscous heat 

generation is proportional to the rotational speed of the shaft, therefore for a constant 

voltage level and film thickness, the temperature of the seal faces decrease as the speed is 

decreased. A deaease in voltage then demsses the film thickness to maintain a constant 

face temperature. The voltage during this test, inmased as the pressure decreased (see 

Figure 6-15 for pmsure trace) which is what also occurred in the previous test. The 

lower pnessures produce a s m a k  film thickness, for a constant coning. This produces a 

larger viscous heat generation and the control system must then increase the voltage to 

maintain a constant temperature of the seal face. 

Figure 6-20 presents the results of inmasing the setpoint temperature. This test was 

similar to the test m which the temperatutle of a d  face provided the feedback to the 

control system except that the setpoint was increased to 95 OC. The leakage rate Rmained 

at approximately 5 slm (.18 scfm) for a large portion of the test which is sipificantly 

lower than the leakage rate from the previous test. The leakage rate can be decreased at 

the expense of allowing the seal to operate at higher temperatures. 



The short term d e n t  tests demonstrated that the leakage rate and temperature of 

the seal faces could be controlled in a closed-loop system. The intent of the long tern 

transient tests was to deternine the operating charactens tics of the seal for a longer period 

of time while operated with a basic P.1.D. controller. The three coefficients (Kp, KI, and 

KD) of the P.I.D. controller were set to 0.3 V/slm, 0.2 V/(slm sec), and 0 (V sec)/slm, 

respectively . 
Figure 6-21 pxesents the transients imposed on the seal during these tests. The time 

period for each cycle was one-half hour and the cycle was repeated nine times for a total 

test time of four and one-half hours. These transients included a step decrease and then 

inmase in both pressure and rotational speed as well as a startup and shutdown at the 

beginning and end of each cycle. During the pressure transient, the speed was held 

constant at the nominal rotational speed, and during the speed transients the pressure was 

held constant at 1.48 x 106 Pa (200 psig). During the seal shutdown at the end of each 

cycle, the air flow line was closed and the seal was stopped. The nominal rotational speed 

for this test was 2600 radsec (25,000 rpm). 

oscillating type transients were also imposed on the operation of the seal during the 

long term tests, in which either the pressure or the speed were rapidly varied b e e n  the 

maximum and minimum values. The maximum and minimum pressure d u e s  were 1.48 x 

106 Pa (200 psig) and 7.90 x l@ Pa (100 respedvely while the maximum and 

minimum rotational speeds were 3250 to 1500 d s e z  (31,000 to 15,000 rpmx 

respectively. The step changes in operating conditions presented a more severe transient 

condition than the ramp changes; therefore9 the latter were not included dwing the long 

term transient tests. The feedback for the long term transient tests was the leakage rate of 
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the seal, since short term transient tests demonstrated the disadvantages of uhlizing face 

tern- as the feedback signal. 

Figure 6-22 pments the leakage rate and face temperature versus time for a long 

term transient test. The setpoint for this test was 12 slm (0.42 scfm). The leakage rate 

tracked the setpoint during each cycle while the face temperature was limited to a 

rnaxirnWn value of 85 O C .  This indicates that the seal operated successfully during the 

long term test. 

Figm 6-23 presents a typical 30 minute opting cycle for this test. The largest 

deviations between the setpoint and operating value occurred during rapid vaxiations m 

pressure (see Figure 6-21 for pressure trace). Such spikes in W g e  rate do not repment 

a serious problem with the operation of the seaL The deviations endured for a very short 

time period and do not represent a large loss of air. The minimum deviations do not 

represent a signikant wear problem. The face temperatore did not increase significantly 

during this time period and surface analyses of the seal faces after the long term tests 

demonstrated that no disGemible wear occurred (see Surface Analysis of seal Faces 

blow). 

Figures 6-24 presents the voltage applied to the seal and the cavity pressure during a 

30 minute cycle for this test. The voltage followed the same trends as occurred in the 

short term transient test; the voltage increased as the pzessure decreased, and conversely 

the voltage decreased as the pressure increased. 

Figure 6-25 presents the voltage applied to the seal and the rotor speed versus time 

during the same 30 minute cycle for this test. The voltage changes occurred simultaneous 

with the speed changes, as can be seen when the rapidly varying speed transients were 

applied to the seal The voltage changes occurred m phase with the speed changes. lhis 

is most likely an indication that a hydmdymic load support mechanism was present. If 
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these voltage changes were the result of thermal deformations, it is likely thee would have 

been a phase lag between the voltage changes and speed transients. 

Figure 6-26 present the transients imposed on a seal during a second long term 

transient test. The operating cycles were similar to the pvious test except that the 

nominal rotational speed was increased to 3200 d s e c  (30,500 rpm). . 
Figure 6-27 presents the leakage rate and face temperatme versus time for this long 

term transient test. The leakage rate backed the setpoint of 10 slrn (0.35 scfm) during 

each cycle while the face temperatwe of the seal reached a m a x h m  of 76 O C .  This 

indicates that the seal operated successfully during this test at the higher rotational speed. 

Figure 6-28 presents a typical 30 minute operating cycle for this test. The largest 

deviations m the leakage rate occurred as the pressure was varied rapidly. A comparison 

of the two long term tests rev& that the leakage rate ~s~iilated more during low pressure 

operation at the higher rotational speed as compared to low pressure operation at the 

lower rotational speed. This trend was generally observed, that the oscillations in the 

leakage rate i n d  as the rotational speed was i n d ,  and as the cavity pressure 

was decreased. 

A comparison of the two long term tests also meals that the face temperature of the 

seal was lower during the second long term test as compared to the first long tern test. 

This is surprising, because the setpoint for the leakage rate was lower for the second test 

and the norninal rotational speed was higher. Both of these factors should produce a 

higher face temperature. These trends are probably due to fabrication and installation 

tolerances of the seal faces. Between the long term tests, the seal was disassembled, the 

faces were polished, and ?he seal was reassembled. This could have chgexl the runout m 

the seal faces between the long term tests. 'Ihis difference in runout could have led to the 

lower face temperature at the lower leakage rate and higher rotational speed. This clearly 

85 



indicates that & h i z i n g  fabrication and assembly tolerances is important for higher speed 

mechanicalseals. 

Figure 6-29 presents a test in which the operation of a conventional seal was 

simulated. The coning was biased in the positive direction to establish a lubricating film 

between the seal k e s .  The coning was measured at 0 volts to be approximately 1.7 pm 

(66 pin) for both seal faces. The nominal speed for this test was 3200 rad/sec (30.500 

rpm). The transients imposed during this test were identical to the ones presented in 

Figure 6-26. The voltage level was 0 V throughout the test. 

This test demonstrates that the seal performs poorly without the control system. 

During the first cycle, the face temperature reached a temperature of 110 O C .  During the 

second cycle, the temperature of the seal faces i n e r e a S e d  dramatically after the step 

increase in pressure. The test was then aborted to prevent damage to the seal 

components. 

Te- 

It is well known for hydroisfatic face seals that if the seal faces are coned in the 

positive directon a lubricating fiIm will exist between the seal faces. Therefore, a very 

simple control system would operate the seal with a constant positive voltage, large 

enough to ensure that the seal faces have positive coning. However, during startup and 

shutdown, increasing the voltage could prevent face contact produced by transient 

operating conditions. 

Two tests wepe wormed with constant voltage levels of 2000 V and loo0 V. The 

transients imposed on the seal were similar to the transients imposed during the previous 

tests with a few slight differences. The nominal cavity pressure was 1.48 x 106 Pa (20 

psig) which was decreased to 4.46 x l@ Pa (50 pig) during the stepwise pmsure 
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transients. The nominal rotational speed for these tests was 3660 radsec (35,000 rpm) 

with the stepwise decI.ease down to 2100 d s e c  (20.000 rpm). 

Figure 6-30 presents the leakage rate and face temperature versus time for a 4 hour 

test in which the voltage level was set to 2000 V. The leakage rate nxnained less than 10 

slm (0.35 scfm) during the entire test except when the pressure transients were imposed 

on the seaL At the times when the pressure was suddenly changed, spikes in the leakage 

rate occurred. The temperature of the seal face remained below 90 *C over the entire test. 

This test demonstrates that a simple control system that ensum a positive coning of the 

seal faces may be adequate to limit the face temperature while preventing excessive 

ledcage. 

Figure 6-31 presents an additional 4 hour test in which the voltage level was 

maintained at loo0 V. However, duxing startup of the seal, the voltage was in& to 

the torque approximately 2500 V to promote a larger film thicbness. This rmnuntzed 

quired by the motor that drove the test rig to start the seal, and it also prevented the 

wear that might have occurred due to startup transients. The transients imposed on the 

seal were identical to the previous 4 hour test with a constant voltage of 2OOO V. 

. .  . 

Figure 6-31 demonstrates that the leakage rate was decreased during this test at the 

expense of higher f m  temperatures. The leakage rate was generally less than 5 slm (0.18 

scfm) during the entire test. The maximum face temperature reached as high as 110 O C .  

The surface profiles of the seal faces were measured after these tests and they indicated 

that very little wear had occarred (see discussion of wear below). 

The seal design in this study is based on the assumption that the faces of the seal are 

not in contact. Surface analyses of the seal faces were performed to evaluate this 

assumption. The surface analyses consisted of performing a measurement with a surface 



profdometer immediately after polishing the seal faces, and after the seals had been utilized 

m a test. The surfaces of both the carbon and tungsten carbide faces were measured. A 

comparison of these measurements was used to evaluate the noncontacting assumption. 

Figure 6-32 pments four typical surface profiles obtained from a carbon face. These 

traces have been leveled and an offset has been inmduced for ease of comparison on one 

plot. Otherwise, no additional numexiad manipulations of the traces have been performed. 

The profiles include that of a h h l y  lapped face, one after a long term transient test 

presented in Figure 6-27, one after a short term test with no control as presented in Figure 

6-29, and one after 8 hours of operation with constant voltage levels as presented m 

Figurn 6-30 and 6-31. These profiles indicate that almost no degradation in the surface 

finish occurred between the tests. 

It is somewhat unexpected that the short term test with no control xesulted in no 

degradation of the seal faces. The temperature of the carbon face was as high as 120 OC 

during this test which could have been an indication that the faces were contacting. 

However, the test was aborted at this point to prevent damage to the seal components. 

Extended operation at this condition could have degraded the surface h i s h  of the seal 

faces. 

Figure 6-33 presents three typical surf' profiles obtained from the tungsten Garbide 

rotor, These pmfdes have been leveled and an offset has been introduced between them 

for the sake of comparison. The profiles include that of a freshly lapped face, one after the 

dhour test with control (see Figure 6-27), and one after the short term test with no 

control (see Figure 6-29). These measurements indicate that no degradation in the surface 

finish of the tungsten carbide face has o c c d  during these seal tests. 

Both the carbon surface profiles and the tungsten carbide profiles indicate that no 

discemible differences were present m the surface finish of the seal faces before and after 
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testing. This could be an indication that the seal faces were not contacting and wearing 

during these tests. Longer term seal tests could provide additional insight to determine 

whether no wear is occurring and that the noncontacting assumption is valid. 

Fabrication and assembly tolemces always lead to a certain amount of runout 

between the seal faces, which can adversely affect the performance of the seal Such 

effects were observed during the experimental testing of this seal 

Figure 6-34 presents a short term test in which sudden increases in leakage rate 

Q C C U ~  simultanmusly with an increase in face temperature. Such a condition will be 

subsequently referfed to as a seal instability. This condition could indicate that the 

lubricating fifm varies a great deal chumferntially. This could lead to an excessive film 

thickness at certain cimderential points while contacting at others, The excessive film 

thickness would promote i n d  seal leakage while the face contact would lead to 

higher face temperatures. 

The test pnxented in Figure 6-34 began with a rotational speed of 3660 d s e c  

(35,000 rpm) and a cavity pressure of 1.48 x 106 Pa (200 psig). The voltage was initially 

set to 2700 V for startup and then held constant at 2OOO V for the first ten minute period 

of operation. No sharp changes in leakage rate occurred during the first five minutes of 

operation. The temperature of the seal face was also not drastically increasing which 

indicates the seal was operating successfully at this point 

Figure 635 shows that after the first five minutes of operation, the pressure was 

reduced to 7.8 x l@ Pa (100 psig). This induced the first two instabfities. figure 6-34 

shows that after the pressure was reduced, there were two incidences in which the leakage 

rate suddenly inixeased while the face temperature suddenly increased. After eight 
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minutes of operation the p s s u f e  was returned to 1.48 x 106 Pa (200 psig). This 

prevented further instances of sharp spikes in the leakage rate. 

After ten minutes of operation the voltage was reduced to loo0 V (see Figure 6-36) 

and at a time of eleven minutes the pressure was decreased to 7.91 x l@ Pa (100 psig) 

(see Figure 6-35). The decmase in pressure then led to two spikes in leakage rate at 

eleven and a half and twelve xninutes. At fourteen minutes the voltage was increased 

slightly. This perturbation induced an additional sudden increase in leakage rate. At this 

point the cavity pressure was then returned to 1.48 x 10s (200 psig) which prevented 

further spikes in the leakage rate. 

At fgteen minutes the speed of the test rig was reduced to 3000 md/sec (28,500 rpm) 

as presented in Figure 6-37. The voltage was also increased at this point to 2000 V. At 

sixteen minutes the pressure was d u c e d  to 4.46 x 1 6  Pa (58 psig) and held at this point 

for three minutes. No leakage rate instabilities occurred at this r e d u d  speed and 

pressure thus demonstrating that the onset of seal instabilities is sensitive to the rotational 

speed- 

This test demonstrates that d u d  caviw pressure and i n d  rotational speed 

promote seal htaWties. To prevent these instabilities it is essential to minimize 

fabrication and assembly tolerances which could produce excessive runout. 
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CHAPTERMI 

COMPARISON OF MATHEMATICAL MODEL 
wl[THEXPElUMENTALRESUL~ 

A mathematical model was utilized to evaluate various seal designs before the 

mechanical seal used in this study was built wolf€, 19911. It is useful to compare the 

mathematical model with the experimental results to evaluate the utility of the 

mathematical model as a design tooL Due to simpMiaitions in the mathematical model 

(see Chapter III - Mathematical Model) and the configuration of the test rig (see Appendix 

A - Detailed Design Drawings), this comparison involved several simplifying assumptions. 

Therefore, it was not expected that the computational model would pnedict the leakage 

rates with a high level of accuracy. However, a mathematical model that can predict the 

trends in the leakage rate as a function of the seal geometry, and as a function of the 

operating conditions, is a useful design tool 

The simplifying assumptions in the mathematical model include hydrostatic load 

support, axisymmetriC seal faces, lineat elastic seal faces, and s i m m  thermal boundary 

conditions. These assumptions limit the complexity of the mathematical model such that a 

computational run can be made in a reasonable amount of time. An additional assumption 

made in interpreting the test data is that the seal leaks equally through both sealing 

interfaas. The double seal configuration provides two leakage paths for the gas while 

only one leakage rate was measured, the gas flow into the seal cavity. Measuring the flow 

rate from each side of the seal would have involved extensive modification of the test rig 

housing. Therefore, care was taken prior to each test such that the coning deformations 

versus voltage of each deformable face assembly were similar. This helped establish equal 
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leakage rates through both sides of the seal. The mathematical model computed the 

leakage rate fiom one side of the double seal. Therefore, the mathematical and 

experimental leakage rates presented below are half the total leakage rate of the double 

Seal. 

The primary parameter of interest is the leakage rate of the seal, which strongly 

depends on the coning of the seal faces. Therefore, as a first comparison, the measured 

coning deformations are compared to the predicted coning deformations fiom the 

mathematical model. The measured leakage rate is then compared to the computed 

leakage rate for the steady state air and helium tests. 

Coninp of the Deformable Face Assemblv 

The coning of a deformable face assembly is presented in Figure 6-1. This figure 

demonstrates that a large amount of hysteresis is present in the coning versus voltage 

curve. However, over a smaller voltage range the hysteresis is reduced. Figure 7-1 

compares the measured coning over the smaller voltage range to the coning predicted by 

the mathematical model. The material coefficients for the piezoelectric material were 

obtained fiom a commercial publication provided by a company that produces 

piezoelectric ceramics [Vernitron]. The slopes of the curves presented in Figure 7-1 

match closely, however there is an offset of approximately 0.75 pm (29 pin) between 

them. The offset in coning is due to the hysteresis present in the coning deformation of 

the seal face, which is not accounted for in the mathematical model. This offset in coning 

is compensated for by introducing an initial coning in the carbon face of the mathematical 

model. 

Figure 7-2 presents the predicted effects of pressure and thermal deformations on the 

coning of the deformable face assemblies. Five curves are presented, one with pressure 
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loading only and three different curves with pressure and thermal loading. The thermal 

loading is based on the runs that were used to model the steady state air tests at three 

different rotational speeds of 3770, 3140, and 2830 d s e c  (35,000,30,000, and 27,000 

rpm), at a cavity pnxsure of 1.34 x loa Pa (180 psig). The computational runs for the 

steady state air tests include an initial coning to compensate for the initial offset in coning 

observed in Figure 7-1. This initial Coning has been subtracted from the coning 

deformations presented in Figure 7-2. 

Figure 7-2 demonstrates that the pressure loading decreases the coning deformation 

while the thennal defomations haease the coning deformation. The thexmal 

deformations increase as the rotational speed incxwse. This is due to the i n m e d  

viscous heat generation produced between the seaI faces. 

The thermal deformations computed by the mathematical model are strongly 

influenced by the thermal boundary conditions. The thermal boundary conditions were 

selected such that the computed face temperatures matched the experimental face 

temperatures (see Chaptei III - Mathematical Model). Figures 7-3 and 7-4 compare the 

computed face temperatures to the experimental temperatures for the air and helium tests, 

respectively. For the dectreasing portion of the temperature curves, the computed 

temperatures match the experimental temperatures within about 5 'C. For the bxeasing 

portion of the temperature curves, the seal faces have not reached a steady state condition 

and agnxment is not as good. 

figure 7-3 also compares two diffemt means to model the therxnal boundary 

coditi~ns. One of the curves uses an average measured cavity temperature (46 "C) to 

model the bulk temperature of the fluid, while the convective coefficient and hitid coning 

were adjusted such that the computed faced temperatures matched the experimental face 

temperatures. The convective coefficient and initial coning for this curve are 40 W/rn2OC 
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and 1.25 pi, respectively. The second curve is based on adjusting each of the three 

variables (bulk temperature, convective coefficient, and initiial coning) to match the 

experimental data. The bulk w m ,  convective coefficient, and initial coning for this 

curve are 35 OC, 15 W/mzoC, and 0.9 p, respectively. Adjusting each of the three 

vaxiable produces a better match to the experimentally measured faGe temperature, 

therefore the latter method was used m all subMuent computations, including those of 

Figure 7-4. For the mathematical model presented in Figure 7-4, the bulk temperature, 

convective eoeffbnt, and initid coning are 27 OC, 5 W/mZoC and 0.15 pm, respectively. 

In this section, leakage rates predicted by the mathematical model anz compared to 

the experimental leakage rates. Leakage rates could be interpreted in terms of film 

thickness by noting that once the seal geometry and sealed pressures are specihed, the film 

thickness can be determined from leakage rate (see Equation 3-17). Figure 7-5 presents 

half the leakage rate as a function of f h  thickndfor the air and helium tests. This figure 

demonstrates that leakage rates from 2-10 slm correspond to fitm thicknesses from 3-5 

w 
Figures 7-6 through 7-9 compare the leakage rates from the mathematical model to 

half the leakage rates measured during the steady state air tests. These comparisons are 

perfmed for three diffemt rotational speeds (3770, 3140, and 2830 d s e c ) ,  and for 

two diffbtmt sealed pressures (1.34 x 106 and 6.48 x 1 6  Pa). The balance ratio for these 

tests was 0.766. For the following comparison, the initial coning, convective coefficient., 

and bulk temperature were set to 0.15 pm, 5 W/mzoC, and 27 "C, respectively.. 
Fi. 

Figure 7-6 compares the expehental ilesults to the mathematical model for a 

rotational speed of 3770 d s e c  and a sealed pxessure of 1.34 x 106 Pa. For this test, the 
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mathematical model predicts the magnitude and range of half the leakage rate masonably 

well. The mathematical model predicts the leakage rate to vary from 2.4 to 6.4 slm as the 

voltage is increased from 0 to 3000 V while the measured leakage rate varies from 2 to 

approximately 8.5 slm. 

The experimental leakage rate exhibits a significant amount of hysteresis. The 

arrows on the leakage rate m e  indicate the voltage loading sequence for this test; the 

voltage is initially 3000 V, decrr=ased to 0 V, and then increased to 3000 V. No hysteresis 

is present m the leakage rate curves from the mathematical model because it is based on a 

linear elastic modeL 

Figum 7-7 and 7-8 compare half the experimental leakage rates to the mathematical 

model for reduced rotational speeds of 3140, and 2830 rad/sec, respectively. The range 

of leakage rates predicted by the mathematical model compare misonably well with those 

from the tests. Both the mathematical model and the test data demonstrate that as the 

rotational speed decreases, the leakage rate generally decmiss. This can be partly 

attributed to the decreased visGous heat generation, that ~ ~ u l t s  in a feduced amount of 

coning produced by therrnal deformations. However, at the lower voltage hels, the 

mathematical model differs from the test data, and this diffixence in- as the 

rotational speed decreases. For all three rotational speeds, the leakage rate from the test 

data is approximately 2 slm. The mathematical model, predicts that the leakage rate 

should decrease as the rotational speed decreases for all voltage levels. The constant 

leakage rate of 2 slm at 0 V for the test data could indicate that another load support 

mechanism was present such as a hydrodynamic effect or partially contacting seal faces. 

Figunz 7-9 compares half the leakage rate from the experimental and mathematical 

model for a reduced pressure of 6.48~16 Pa, at a r~tati~nal speed of 3770 rads. Both 

the mathematical model, and the test data, demonstrate that the leakage rate and the range 
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of the leakage rate decrease as the pressured decreases. There is an offset between the 

two curves, which imeases with increasing voltage. This offset could be due to errors m 

the closing force, or errors in the predicted coning deformation. 

Figures 7-10 through 7-12 compare the leakage rates from the mathematical model 

to half the leakage rates measured during the steady state helium tests. These 

comparisons are performed for three different rotational speeds (3665, 3240, and 2830 

rad/sec), respectively. For these comparisons, the initial coning, convective heat transfer 

coefficient, and bulk temperaftve were set to 0.9 pm, 15 W/mZoC, and 35 O C ,  respectively 

The balance ratio for these tests was 0.748. 

Figures 7-10 through 7-12 show that the leakage rates predicted by the mathematical 

model are significantly lower than the experimental leakage rates. Factors that could 

produce this difference are the sensitivity of the seal design to slight changes in the coning 

deformation and closing fom, and hydrodynamic effects, which the mathematid model 

ignores. The seal was designed such that smaU changes in coning produced relatively 

large changes in leakage rate (see Chapter IV - Seal Design). This also causes the film 

thickness (and leakage rate) to be sensitive to slight errors in the coning deformation and 

closing force used in the mathematical modeL 

Figure 7-1 demonstrates that there is a large amount of hysteresis present in the 

coning deformations. The slope of this curve varies, depending on the voltage level and 

the voltage loading sequence. The experimental data indicates that the leakage rate 

increases more than what is predicted as the voltage is in-. This could be a result of 

the seal face operating on a portion of the coning deformation curve that has a larger 

slope. 

Errors in the closing force could also produce errors in the leakage rate. For the seal 

design used in the helium tests, a one percent decrease in closing force could increase the 
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leakage rate by as much as 40 percent. These deviations in the force could be 

produced by tolerances m the seal gmmetry, tolerances m the spring foxce, measurement 

errors in the sealed pressure, and forces produced by the O-rings. 

A comparison of the data from the steady state air tests to the steady state helium 

tests indicate that the leakage rates are higher for the helium tests. This trend is predicted 

by the mathematical model and is partly due to the lower balance ratio for the helium 

steady state tests, which causes the fihn thickness (and leakage rate) to be more sensitive 

to changes in the coning. 

F i p e  7-13 compares the leakage rate fiom the mathematical model to the test data 

for the steady state helium test, at a reduced pssure  of 7.91 x l@ Pa, and at a rotational 

speed of 3240 rad/sec. The mathematical model predicts the decreased leakage rate and 

the decreased range of leakage rates xasonably well for this test. However, the 

experimental leakage rate is sigdicantly higher than the leakage rate from the 

mathematical model at the higher voltage levels. 

The comparisons between the test data and mathematical model demonstrate that the 

mathematical model is s u d  m predicting trends that occur with the test data. The 

mathematical model is succeSSful in predicting the decreased leakage rate as the rotational 

speed decreases, as the d e d  presswe decreases, and as the balance ratio incxeases. 

However, the mathematical model does not predict the actual leakage rate with a high 

degree of accuracy. This is not unexpected, given the number of ickabtions used m 

modeling the system. 
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CHAPTERVIII 

CONCLUSIONS AND RECOMMENDATIONS 

An actively controlled mechanical seal was designed, fabricated, and tested in a 

laboratory test rig. The design phase included developing a mathematical model to predict 

the performance of the seaL The results from these tests and the mathematical model 

provide valuable design information for the next development stage for actively controlled 

mechanicalseals. 

The mults from this study demonstrate that an actively controlled mechanical seal 

operating in a gas environment is f d b l e .  The seal operated SucceSSfuUy with low 

leakage rates during steady state tests, short term transient tests, and longer term transient 

tests. Low leakage rates were maintained while preventing excessive face contact as 

indicated by face temperatures and surface pro&. 

The mathematical model developed for this study provided valuable design 

infoxmation for the development of this seal Design curves were developed that pzesent 

the controllability, stiffness, and viscous heat generation as a function of the closing force. 

With these curves, the sed geometry and spring force can be specified to maximize 

controllability and stiffness, while minimi;rjng viscous heat generation. Once the closing 

force was specified, finite element models were utili& to determine the leakage rates and 

temperatures of the seal while operating at various sealed pressures and rotational speeds. 

The model proved suecedd in predicting trends that occurred with the leakage rate as a 

function of the voltage applied to the seal, as the d e d  pressure was changed, and as the 

balance ratio was increased. However, the model was less successful in accurately 
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predicting the magnitude of the leakage me that o c c d  during the 

COIlditiOIlS. 

The two main problems encountered during these tests included electrical 

breakdown while the seal was operated in a helium environment, and dynamic instabilities, 

"bere are vaxious means in which the electrical bneakdown problem can be addressed. 

one technique is to isolae the piezoelectnr: ' element fiom the M u m .  This could be 

accomplished by fabricating a holder fiom a material that is W c a U y  insulative, that 

encloses the piezoelectric element at the outside, and inside radii 'Ihe piezoelectric 

dement could then be bonded in this holder with a sealing compound. The sealing 

compound must be mdient enough such that it does not constrain the coning 

deformations produced by the piezoelectric element. Another way in which the 

piezoelectric element could be isolated from the hefimn is with a nonconductive coating. 

"here are coating materials annmexcially available, commonly d d  to as confoxmal 

coatings, that are designed to produce a thin d b r m  coat. In applying these coatings, 

great care must be taken to ensure that no part of the piezoelectric dement is left 

uncoated. Small breaks in the coating could promote eleGtrical breakdown. Electrical 

breakdown could be further prevented by using the &o=mentioned insulation techniques 

in conjunction with using a different buffet gas. Helium has a particularly low dielectric 

strength and is not well suited for use with an actively controlled anechanical seal that 

requires high operating voltages. 

Another design choice that would eliminate electrical bmakdown is to use a 

diffemt type of actuator to produce the coning deformations. One such choice, is to use 

a hydraulic actuator to produce the coning deformations. A challenge in developing 

different types of actuators is to design them such that they can produce a large enough 
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range of coning while limiting their size such that they can fit in the seal envelope. In. 

addition, the associated hardware that drives the actuator must not cumbersome. 

An additional problem that occurmi during the seal tests was dynamic instability at 

the higher rotational speeds. To address this problem, one must consider the entire 

dynamical system comprised by the seal, the rotor, the shaft, and the bearings. Each of 

these components could have xnanufbtming or assembly tolerances that could produce 

excessive runout between the seal faces. Great caze must therefore be taken to minimk 

these runouts. 

One of the means in which the runout m the seal of the pnesent study could be 

reduced is to bond the deformable face assembly m the holder. The carbon face should 

then be machined such that the back side of the holder? and the seal face are as near 

parallel as possible. In the current design, these components were f&ricated separa~ly? 

and the runouts in both assemblies could combine to produce excessive runouL 

Once these problems axe solved, there is a significant amount of work that must be 

performed before the actively controlled seal can be ntilized in a liquid oxygen turbopump. 

The seal must be redesigned to wihtand the extreme temperatures that occur in a liquid 

oxygen turbopump. For example, elastomeric O-rings were wed during this study and 

these must be replaced with a m e m t  type of secondary seal before this seal can be 

operated at higher (and lower) temperatures. Metal bellows seals might be a design 

choice. 

A basic, P.LD. controller was used for the closed-loop control system in this 

study. Other control algorithms should be investigated to determure whichmethodisbest 

suited for the actual operating conditions. 

The components of the control system that are exterior to the liquid oxygen 

turbopump must be made much more compact and hardened to withstand a harsher 
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operating environment. These components include the high voltage power supply, the 

data acquisition system, and the computer. 

Additional sealing areas should also be identified m which the cost of an actively 

controlled gas seal would be justifWe. In light of stricter environmental regulations, 

where the allowed leakage rates are becoming smaller, actively controued mecwcal seajs 

could be a promising technology due to their low leakage rate, and high reliability. 
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DETAILED DESIGN DRAWINGS 

The detailed design drawings of the seal components and the seal housing are 

pnsented in this appendix. All dimensions shown rn in millimeters. 
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APPENDIXB 

MA'IXWL PROPERTIES 

The following tables present the material properties for the seal faces, piezoelectric 

actuator, and holder that were used in the finite element analyses. The materials used for 

the seal faces were carbon for the nonrotating face and tungsten carbide for the rotating 

face. The piezoelectric actuator was PZT-SH lead Zirconate titanate, and the holder was 

made from a machinable ceramic, boron nitride. A detailed description of the material 

coefficients for the piezoelectric a~tuator is presented elsewhere wolff, 19911. 
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Tabk 2. Elastic and Electrical Material Roperties for I"-5 

I I 
Table 3. Thermal Expansion Coefficients of F2T-5H 

. 
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APPENDrXC 

MOTOR CONTROLLER 

Appendix C p e n t s  the detailed drawing of the motor congoller that was used to 

control the speed of the motor that drove the test rig. Also included is a list of the motor 

controller components. 
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Parts List for Motor Controller 

1.5 - 4.5 Archer D.C. Motor (Radio Shack Part No. 273-237). 

Transformer, primary 120 V at 60 HZ, secondary 12 V at 150 miltiamps. 

Dual op-amp (Radio Shack Part No. 276-038). Powered with 2 - 9 V batteries. 

555 Timer (Radio Shack Part No. 2761723). 

Silicon controlled Tectifiet (SCR), 25 amp, 600 V peak. 

Triac output optocoupler (Radio Shack Part No. 276134). 

Electrical connection for motor - standard outlet. 

S@ controller - 0-10 kn potentiometer. 

5 - 1 kQ, 1/4 W resist~f~. 

2 - 10 kQ, l/4 W resiStorS. 

1 - 20 kQ 1/4 W resistor. 

1 - 4.3 kQ, 1/4 W resistor. 

1 - 10 pF capacitor. 

2 - diodes. 
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